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SUMMARY
The important role of black liquor in the pulp and paper 
industry has been addressed and a review of conventional and 
potential alternative technologies has been made. Black 
liquor combustion properties and its combustion within a 
conventional recovery boiler, the principle of vortex 
combustion, and methods of computational fluid dynamics were 
summarized. In order to use the commercially available 
computational fluid dynamics package, PHOENICS, to simulate 
black liquor combustion in a vortex combustor, the black 
liquor combustion process was simplified and modelled and 
additional software programs were developed and attached to 
the commercial package. The developed module is capable of 
tracking trajectory paths of black liquor particles during 
combustion.
A 250 kW vortex combustor was used for some experimental 
work. The combustor was first tested with natural gas and 
kerosene. The - combustion conditions were satisfied and 
their characteristics were presented. Atomization was the 
main technical problem in the combustion of black liquor. 
However, the environmental problem was also severe. The 
results were presented and discussed. Improvements of the 
system and further studied were suggested.
Selection of a suitable turbulence model was made by 
comparing experimental data with the simulations from various 
turbulence models. Prandtl mixing length model gave closer 
predictions than k-e and k-l model and therefore, it was used 
for the entire simulations. Simulations of 'natural gas 
combustion in a vortex combustor were made to establish skill 
and confidence in using the package, PHOENICS, to deal with 
combustion process. A series of black liquor combustion 
models were performed afterward using the particle tracking 
module developed. This led to the suggestion of a potential 
suitable geometry of a vortex combustor for black liquor 
incineration. The results were presented and discussed. 
Further simulation studies are also suggested.
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CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION
Black liquor is a ■ liquid waste, material originating in the
Pulp and Paper Industry from the KRAFT pulping process. The
process involves the digestion of wood chips or other fibrous
materials with certain chemicals (Na S and NaOH) generally
2
called 'cooking* or 'white' liquor. Under appropriate cooking 
conditions, the chemicals dissolves the binding materials in 
the wood. As a result, pulp is isolated; separated from the 
liquid;• and subsequently undergoes a further production 
process. At this stage, the liquid becomes black, henceforth 
referred to as 'black liquor*. Black liquor consists of the 
inorganic and organic materials extracted from wood. The 
black liquor is further treated, in order to avoid the 
disposal of an environmental hazardous substance using a 
process called 'chemical recovery cycle'. The achievement 
from the recovery cycle is of great benefit not only from 
the chemicals recovered but also the heat produced from the 
burning of the organic compounds. The important role in which 
black liquor plays in the pulp and paper industry and the 
conventional recovery system is discussed in the following 
sections.
1.2 THE SIGNIFICANT ROLE OF BLACK LIQUOR
Reeve [1] reported from the 1982 Statistical Yearbook of the 
United Nations that black liquor plays &y\  important
role in the world's fuel consumption. It was estimated that
1
200xl06 tonnes of black liquor and red liquor (waste from acid 
pulping process) was burned per year. This made it be the 
sixth most important fuel in the world as illustrated in Table
1.1 below. According to Casey [1] and Grant et.al [2], about
Table 1.1 Global fuel consumption 
metric tonnes per year)
(million
[1]
RANK FUEL CONSUMPTION
l C r u d e  O i l 3 8 0 0
2 H a r d  C o a l 2 3 0 0
3 H a t U r a l  G a s 1 8 0 0
4 G a s o l i n e 9 6 0
5 F u e l  W o o d 5 4 0
6 B l a c k  L i q u o r * 2 0 0
*  B l a c k  & R e d  L i q u o r  a t  6 5 %
85% of the world's pulp produced from chemical process 
employed the Kraft pulping process. Therefore, it can be 
concluded that about 170x106 tonnes of black liquor is burned 
annually. Slinn [3] reported the energy efficiency of the 
pulp and paper industry in the United States, the world's 
largest producer of paper and board [4]. It shows that black 
liquor is the principle sources of energy of the industry.
Fig. 1.1 The energy pattern of the U.S. pulp & paper 
industry during 1972-1985.[4]
2
The fuel consumption pattern of the industry during the years 
1972-1985 is demonstrated in Fig.1.1. The figures from the 
fuel consumption of the year 1985 indicates that
approximately 40% of the industry*s total energy consumption 
was from black liquor. This amount of energy is equivalent to 
140 million barrels of fuel oil. Therefore, an improvement in 
the energy recovery efficiency from black liquor could provide 
a substantial impact on overall mill energy efficiency. 
Moreover, the production capacity of a pulp mill is very often 
limited by the rate at which black liquor can be burnt in the 
recovery boiler [1]. This is simply because, at present, 
combustion is the only method to dispose of the generated black 
liquor.
1.3 THE KRAFT CHEMICAL RECOVERY CYCLE
W»tw
F i g . 1 . 2  The  k r a f t  r e c o v e r y  p r o c e s s .  [7]
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The Kraft chemical recovery cycle is a complex series of 
chemical processes. It has three primary functions [1,6]:
1) to recover and regenerate pulping chemicals,
2) to collect and burn organic material, and
3) to generate steam using heat from the combustion gases.
The Kraft recovery cycle may be schematically illustrated as 
shown in Fig.1.2. The processes involved [1,6,7] are as 
follows: White liquor is added to the digester to produce
pulp. Black liquor is separated from the pulp and
concentrated to become strong black liquor which is then 
delivered to the recovery furnace for combustion. Molten 
salts from the bottom of the recovery furnace are dissolved 
and formed green liquor which is then clarified. The green 
liquor is to react with reburned lime, as a result of this, 
white liquor is produced on separation of the lime mud. The 
lime mud is reburned in the lime kiln to complete the lime
cycle.
1.4 THE FURNACE KRAFT PROCESS
A schematic diagram of the typical Kraft recovery boiler is 
shown in Fig.1.3. The furnace region extends from the hearth 
to the base of the superheater tubes, and is very similar to a 
medium sized power station boiler. Liquor is sprayed into the 
furnace some 10-20 feet above the hearth [6,8,9]. As liquor 
falls by gravity to the hearth, it dries, pyrolyzes, and
burns. The combustion air , with present practice, is
supplied to three levels. The primary and secondary air are 
supplied to the hearth zone below the spray gun. The tertiary 
air is introduced above the spray gun level to complete 
volatiles combustion. Because the spray flows counter to the 
gaseous stream, droplet flight time to the char bed is
difficult to predict. The droplets may hit the walls and 
burn, go directly to the bed, or be entrained by the flue
gases.
4
Steam Row to MB
Fig.1.3 Schematic diagram of a typical kraft chemical 
recovery boiler.[9]
5
Liquor begins burning in flight. The material reaching the 
hearth forms a char bed where the burning process is 
completed. The material hitting the walls will eventually 
drip onto the bed. The entrained materials smelted in flight. 
Drying should be complete before liquor reaches the bed. It 
has not been conclusively established how much volatiies 
burning and char burning occurs or should occur in flight 
and/or in the char bed. A significant amount of sulphur gases
are released as H S and SO in the furnace during volatiies
2 2
release (pyrolysis) [6,8,21,22]. These contribute to air 
emission unless they are completely oxidised to S02 and 
reacted with sodium compound to form Na SO [8]. The sodium 
compounds that react with the sulphur are fume particles which 
are formed from volatile sodium compounds during char 
combustion. The resulting Na SO is recovered as dust from
2  4
the ash hoppers and electrostatic precipitator. These 
recovered inorganics recycle back to the black liquor incoming 
to the furnace.
1.5 DRAWBACKS TO A RECOVERY BOILER
The recovery boilers used in pulp industry today are mostly of 
the Tomlinson type [6,8,9] which were first developed in 
1930's [6,8,10]. Its development has been guided by concepts 
derived from coal-fired power station boilers [8] . Despite 
its successful use, the modern recovery boiler still has some 
serious deficiencies. The mechanism and rate of the internal 
chemical and thermal processes are not known [6,8,9,11-18]. In 
addition, steam generation efficiencies are significantly lower 
than in fossil fuel-fired power boilers, i.e., 65% compared to 
+80% [6,8], The kraft recovery boiler is a relatively
dangerous piece of process equipment. It is not only subject 
to the same risks as a power boiler, but also to the 
possibility of smelt/water explosions [6,8,9,19,20]. Grace 
[19] reported explosion experience in the U.S. and Canada 
during 1958-1980 and is .summarised in Table 1.2. He analysed 
that these explosions occurred fairly constantly at about one 
explosion per 100 boiler-years. Other drawbacks of recovery
boilers are their-' very high cost [8] and as sources of 
odorous gas and particulate emission [6,8,9,21,22]. In order 
to minimise costs led to the use of very large boiler sizes. 
As a result many mills rely on a single boiler and are
extremely vulnerable to boiler outages [8]
Table 1.2 Summary of explosion incidents [19],
U.S. Canada Total
A u x i l i a r y  f u e l  e x p l o s i o n s 2 1 3 2 4
S m e l t - w a t e r  e x p l o s i o n s 5 7 2 5 8 2
T o t a l  E x p l o s i o n s 7 8 2 8 1 0 6
F r e q .  p e r  1 0 0  o p e r a t i n g  y e a r s . 9 8 2 . 0 1 .  1 6
1.6 ALTERNATIVE TECHNOLOGIES
The deficiencies of the Tomlinson recovery boiler were 
highlighted by the environmental issues in the late 1960's and 
early 1970's [8,23,28] and the the Arab Oil Embargo of the mid 
1970's. The need for a more efficient system was pressing. A 
number of alternate technologies to replace the conventional 
kraft recovery boiler have been intensively studied. The four 
most promising are discussed briefly, as follows:
1.6.1 HYDROPYROLYSIS
Hydropyrolysis has been developed at St. Regis Paper Co., 
U.S.A. since 1968. Its first pilot plant at Pensacola, 
Florida with capacity 10 tpd was finished in December 1974 
after 18 months construction with the cost about $ 1,000,000 
[22] . Hydropyrolysis is a method of treating black liquor in 
which the liquor is heated under pressure, and in the absence 
of oxygen, to a- temperature sufficient to. decompose the 
organic substances and to reduce oxidised sulphur back to the 
desired sulphite form. Typical hydropyrolysis reactions are 
carried out at temperature of 310-350°C and pressure 
approaching 20 MPa [4]. Following hydropyrolysis, the 
products are separated into three streams:
7
1) A combustible gas, containing a significant amount of 
sulphur, which is subsequently burned and the sulphur
recovered by absorbing SO into the free liquor in a
2
liquor pretreatment step.
2) A carbonaceous char substantially free of sodium, which 
is washed, dried, and burned in a conventional boiler.
3) An aqueous stream containing most of the sodium and 
sulphur in the free liquor as NaHS, NaHCO , and Na CO ,
' 3  2  3
which is causticised and returned to the pulp mill.
1.6.2 DRY PYROLYSIS- PROCESS
This process involves the production of dry liquor solids in a 
steam-heated evaporator with multi-effect steam economics. 
The dried solids are then pyrolysed and gasified to produce 
oil, fuel gas, and reduced inorganic salts [6,28].
1.6.3 FLUIDIZED BEDS
Fluidized bed combustion cannot be used by itself for Kraft 
black liquor [6,29]. However, the system can provide 
incremental recovery capacity for Kraft mills having 
overloaded recovery boilers. A part of black liquor is burned 
in a fluidized bed and the remainder in an ordinary furnace. 
The Na SO -Na CO pellets from the fluidized bed are
2 4 2  3
introduced into the reducing zone (char bed) of the recovery 
furnace, where they are reduced to sulphide and smelted out. 
This approach has been used successfully on a commercial scale 
at a Kraft mill [29] , although the thermal efficiency of the 
system is poor.
1.6.4 NEW SODA RECOVERY PROCESS (NSP)
This is a Swedish development dating from 1970 [25] . The
process involves the use of a gasifier cycle to process black 
liquor solids ahead of the power boiler or conventional 
recovery boiler [6,25-27]. Pyrolysis and gasification of the 
organic material in the black liquor and recovery of inorganic 
chemicals are carried out in the cyclone gasifier. The 
resulting combustible gases are burned in a power boiler or
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recovery boiler. Concentrated or dried black liquor is 
introduced axially into a cylindrical furnace where it is
dried and pyrolysed by contact with tangentially supplied 
oxygen-containing gas. As the products proceed axially along 
the furnace, gasification of carbon occurs and molten smelt
accumulates on the walls where H2S absorption can occur. 
Recycled flue gas is supplied tangentially in the sulphidising 
zone. The molten smelt is tapped off and the combustible
gases proceed on to the power boiler or conventional
recovery boiler.
1.7 THE SCOPE OF THIS RESEARCH
Vortex combustion has been the subject of studied at the Fuel 
and Energy Research Group of University of Surrey (FERGUS) 
since 1969 [30] . Example of the works are as follows: The
studies in aerodynamics and particle kinetic in vortex 
incineration by Tate [31]. Costen [32] investigated the 
possibility of using vortex combustors as auxiliary firing 
units in Lepol Semi Dry/Wet cement kilns. Beattie [33] 
followed by studing the feasible of vortex combustion of 
industrial wastes applicable to cement industry. Moles and 
Ashe [34] applied vortex combustion for military purposes in the 
smoke generation study. There are some other works involve 
burning of pulverized coal, wood dusta*ttmolasses, for example. 
With the success of this previous work, the Research Group 
convinced that vortex combustion might be able to contribute 
to a new generation of black liquor incinerater.
The object of this work was to study the possibility of 
incinerating black liquor by means of a vortex combustor. The 
studies were to involve both a practical and computational 
simulation approach. A non-slagging type vortex combustor was 
to be used. A data logging system was to be facilitated for 
efficient and accurate data monitoring. The specialized 
software was to be written for this purpose. Many
difficulties concerning burning black liquor were expected. 
Therefore, in order to study the system performance, natural
9
v
gas and kerosene were to be used as the preliminary fuels with 
black liquor combustion to be investigated afterwards. With 
limited resources, no major hardware modification could be 
introduced. Therefore, computer simulation was to be 
introduced as a tool in providing predicting information. The 
program used was a Computational Fluid Dynamics (CFD) package 
which had just purchased by FERGUS from CHAM Ltd. in 
Wimbledon, U.K.. The package is a general purpose program for 
fluid flow problems not a specific one for vortex flow or 
combustion. Therefore, appropriate selections and additional 
programs have to be introduced for vortex flow and black liquor 
combustion. As a result this will lead to valuable ideas for 
further modification and development in vortex combustion of 
black liquor. Besides, the developed simulation method might 
play an important role in computer aided design for vortex 
combustion in the future.
Pulp and paper industry in Thailand, the author's country, 
contributes in some extent to the economy of the country as 
reported in Appendix A. Therefore, the technologies and know 
how learnt from this research might, some how, encourage and 
help in the industry development.
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CHAPTER 2
LITERATURE SURVEY
2 . 1  INTRODUCTION
The three major areas involvedin this research study are black 
liquor, vortex combustion, and computational fluid dynamics 
simulation. How black liquor plays its important role in the 
pulp and paper industry is discussed in chapter 1. Technical 
information of its combustion characteristics is reviewed in 
this chapter. Principle of vortex combustion and its 
aerodynamic characteristics are described. The fundamental
concept of a computational fluid dynamics (CFD) programming is 
explored. Finally, The basic principle of a particle
tracking program is reviewed.
2.2 BLACK LIQUOR COMPOSITION
Kraft black liquor is a complex mixture of organic and 
inorganic compounds. The initial source of the organic 
material is mainly the lignin and hemicellulose from the wood 
entering the digesters. The inorganic material is derived 
from the constituents of white liquor: NaOH, Na0S, Na2C©3, and 
Na2S04 [6,9,7]. During digestion, reactions occur and form a 
wide variety of materials of which approximately half of the 
original inorganic is tied up with organic compounds. The 
typical elementary composition of Kraft black liquor [6,9,14] 
are as illustrated in Table 2.1 below. The gross and nett 
heating value is about 15,350 and 12,180 kJ per kg black 
liquor solids [9], respectively. Practically black liquor is 
concentrated, in the evaporation plant, to about 65% solids 
content prior its combustion in a recovery boiler.
1 1
Table 2.1 ’ Typical composition 
black liquor solids.
of kraft
E l e m e n t Wt7. b . 1 . s
r e f .  [ 9 ] [ 6 3 [ 1 4 1
c a r b o n C 3 9 . 0 3 8  . 8 4 2 . 6
h y d r o g e n H 3 . 8 3  . 9 3 . 6
o x y g e n 0 3 3 . 0 3 5 . 2 3 1  . 7
s o d i  um Na 1 8 . 6 1 8 . 7 1 8 . 3
p o  t a  s s i  urn K 1 . 2
s u 1 p h u r S 3 . 6 3  . 4 3 . 6
c h l o r i d e C l 0 . 6
1 n e r t ( S i , A i , F e , C a , e t c ) 0 . 2 0 . 2
2.3 BLACK LIQUOR COMBUSTION CHARACTERISTICS
The combustion characteristics of black liquor . is not well 
understood. Its basic physical or chemical properties such as 
calorific value elementary composition, organic/inorganic 
ratio, viscosity, etc., cannot satisfactorily explain its 
combustion behaviour [6,9,11-14]. There are a number of 
research workers who have already tried to establish^ 
information in this subject [12-17,8]. Examples of this work 
are as follows. Beckwith, et.al. [14] used Thermogravimetry 
and Gas Chromatography in studying the pattern of rate of mass 
reduction of black liquor at heating rate of 10°C/min. Nassar 
[15] used the Differential Thermal Analyser (DTA) and 
Gravimetry Thermal Analyser (TGA) in analysing the 
decomposition characteristic of black liquor in inert gas 
environment. Bhattacharya, et.al. [16] studied the pyrolysis 
of concentrated black liquor in their semi-batch reactor. 
They also proposed a reaction model of which from the 
experimental data the activation energies and the frequency 
factors were determined. Hupa et.al.[12] used the single 
droplet combustion technique to study the combustion behavior 
of kraft black liquors. Non of them could arrive at 
generalized equation explaining black liquor combustion 
characteristics. The works of Hupa et.al.[12], nevertheless, 
provided a remarkable source of information which can be used 
in this research. Their work is summarized in the following 
sections.
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2 . 4  BLACK LIQUOR DROPLET COMBUSTION
Hupa et.al.[12] used the single droplet combustion technique 
to study the combustion behavior of black liquor. This was 
done by suspending a droplet on a platinum wire and burning it 
in a laboratory furnace whereby a high speed camera was used 
to record the physical change in the droplet. This 
arrangement is demonstrated by Fig.2.1. The drop sizes were
Fig.2.1 The arrangement of Hupa et.al.[12] experiment.
varied from 0.5-2.5 mm. and the furnace temperature was set 
successively at 600, 700, 800, and 900 °C. Black liquor from 
various mills were used in the experiments. In some 
experiments a chromel-alumel thermocouple was used instead of 
the platinum wire in order to measure the temperature of the 
droplet. Some of the results are illustrated in Fig. 2.2-2.5. 
It was concluded, from the observations of the black liquor 
droplet combustion in air, that t h e ■combustion process may be 
divided into 4 stages: (a) drying, (b) pyrolysis and
combustion of the volatile components, (c) char residue 
combustion, and (d) reaction of the inorganic residue.
Drying occurred immediately after the droplet was introduced
into the furnace. The end of this stage was defined when the' &
first visible flame appeared which was defined as the 
beginning of the second stage. -During pyrolysis the droplet 
swelled considerably. _ This is clearly be seen in Fig.2.2 
whilst Fig.2.3 showed that the temperature inside the droplet 
rose almost linearly during this stage. The end point of the 
combustion of the volatile was taken when the flame
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disappeared. After that the drop became a solid, often 
heavily swollen, porous char residue. During the char burning 
the size of the swelled char decreased rapidly but the droplet 
temperature increased continuously.
K r a f t  61 %  a'.s. T= 700 °C d0=1,7mm
Time.s
Fig.2.2 Average droplet diameter during combustion [12].
K r a f t  6 0  %  d . s . , d,- 1 ,3  m m
Fig.2.3 Temperature inside the droplet during combustion [12].
*
At -the end of the char burning phase the solid residue 
suddenly collapsed and formed a molten droplet of about the 
same size as the initial liquor droplet. This molten droplet 
was gradually oxidized by the air in the furnace. This
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phenomenon is very similar to the combustion of pulverized 
coal particles [71,72].
Fig.2.4 shows the relationship between time for each of the 
first three phases of combustion and the initial droplet 
diameter. The samples used were kraft black liquor containing 
60% solids and the furnace temperature was 800°C. Fig.2.5 
demonstrates the effect of the furnace temperature on the 
burning time. The samples were also kraft black liquor of 60% 
solids content with the initial drop size is of 1.5 mm. in 
diameter. The furnace temperature was varied between 600 and 
900°C.
Fig.2.4 Time vs. initial droplet diameter 
relationship (Liquor no2 in Table 2.2, 60% 
solids, furnace temperature 800°C} [12].
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Temperature, *C
T em perature, °C
Pyrolysis
Temperature,9C 
Total
Temperature, 9C
Fig.2.5 The influence of the furnace temperature on the 
combustion time (60% solids, " 1.5 mm. dia.)[12].
Table 2.2 Black liquor in Hupa et.al. [12] 
* ------- studied.
No . T y p e  a n d  o r i g i n  o f t h e  l i q u o r  s a m p l e
1 K r a f t S o f t w o o d ( P i  n e )
2 K r a f t S o f t w o o d ( P i n e )
3 K r a f t H a r d w o o d ( B i  r c h )
4 K r a f t S o f t w o o d ( P i n e )
5 K r a f t H a r d w o o d { B i  r c h )
6 K r a f t v S o f t w o o d ( P i n e )
7 K r a f t S o f t w o o d ( R e d  C e d a r )
a K r a f t H a r d w o o d ( E u c a 1 y p t u s )
9 N a - s u l p h i t e CNSAQ)
1 0 N a - s u l p h i t e ( N S S C )
1 1 N a - s u l p h i t e ( R a u m a  Pir o c e s s )
1 2 N a - s u i p h i  t e
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e, 
s
Fig.2.6 shows the time required for each stage of combustion 
for a number of liquors from different cooking conditions. 
Sight of the liquor samples were from common kraft cooking 
processes and four were from sodium-based sulphite processes 
of different kinds (Table 2.2.) It was apparent that there 
were considerable differences between the liquors. 
Considering only kraft black liquor, however, there were not 
such big differences between them.
Pyrolysis Char durninq
to tr \2 1 2 3 * S 6 7 a 9 to rt 12
Fig.2.6 Combustion time of each process of different liquor 
shown in Table 2.2 ( 60% solids, furnace temperature 
800°C) [12].
2.5 BLACK LIQUOR COMBUSTION IN A RECOVERY FURNACE
Grace [6], Adams [9], and Milanova and Kubes [18] explain the 
combustion of black liquor in a conventional recovery furnace 
by 4 stages, bu*t slightly different - from those classified in 
section 2.4. The first two stages, drying and pyrolysis, are 
the same as that described by Hupa et.al [12] but combustion 
of the pyrolysed gases is classified separately as the third 
step. In the last step char burning and inorganic reaction 
are explained together and regarded as one step. The furnace 
process may be summarized as follows:
2.5.1 Drying Process
The drying process involves the transfer of heat to the 
droplet to provide the latent heat of evaporation. The heat 
transfer rate, and therefore the drying rate, can be limited 
by either the rate of heat transfer to the drop surface or the
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rate of transfer within the droplet. For large droplets used 
in recovery boilers, there is undoubtedly some internal 
resistance to heat transfer. However, because the droplets 
are liquid over the range where most of the watersremoved, the 
drying rate can be reasonably characterized by»>external heat 
transfer process [9].
2.5.2 Pyrolysis
The pyrolysis process involves the thermal breakdown of the 
weakest bonds of the large organic molecules in the dry black 
liquor beginning atatemperature about 200°C [6,14,15]. During 
the pyrolysis process the liquor solid becomes a tarry mass, 
which begins to swell as volatile material is produced. The 
pyrolysed gas consists of CO, H , H 2Q, H 2S, light'
hydrocarbons, and organics [9]. For kraft black liquor the 
volatile from the pyrolysis process constitute about 60% of 
the initial weight of the black liquor solids. The residue at 
the end is a friable carbonaceous material, somewhat papery in 
appearance, of h i g h uporosity and low bulk density [63. The 
volume expansion can be more than a factor of thirty [9] but 
the pattern is not unique. The direct impact of swelling is a 
dramatic increase in entrainability of the particle as its 
mass decreases simultaneously with the volume expansion. One 
benefit of the swelling tendency of kraft black liquor is 
increased reactivity. Swelling exposes more surface area for 
heat and mass transfer which enhances the burning rate. The 
major variables affecting pyrolysis are heating rate, final
temperature, and liquor composition. The extent of volatile 
production increases with increasing heating rate and
temperature [6] .
2.5.3 Combustion of Gases
The pyrolysis gases are mixed with air and burn. The main 
factors required to ensure complete combustion are a
sufficient supply of air and adequate degree of mixing between 
combustibles and air, temperature high enough for the reaction 
to proceed. Mixing is the most difficult problem,
particularly in large unit [6] . In large recovery boilers, 
special steps are sometimes taken to make sure sufficient air 
penetrates to the centre of the furnace. Some units use 
special nozzles, referred to as high primary, to direct air 
into the centre of the furnace just above the char bed.
2.5.4 Char Combustion
The residual solid material remaining after the black liquor 
has complete pyrolysed is referred to as char. During the 
final stage of combustion, the organic carbon in the char is 
gasified to CO and C02 [6,9], while the inorganic material is 
converted to smelt containing mostly N a 2C 0 3 and N a 2S [9] . 
There is not enough oxygen in black liquor solids to satisfy 
the process. Thus, oxygen must be transported to the char 
from the gas phase in order for char combustion to occur. At 
the same time, the sulphur which combined with the sodium in 
the inorganic portion must be in a reduced state, N a 2S, when 
the smelt leaves the boiler through the smelt spouts. 
Fortunately, these two processes, char combustion and sulphur 
reduction, occur simultaneously [9]. The organic carbon and 
inorganics are intimately mixed in the char. At furnace 
temperatures the N a 2S04 in the inorganics is reduced to N a 2S 
by the carbon. This process oxidized the carbon, releasing 
C0/C02 gases [6,9].
2.6 PRINCIPLES OF VORTEX COMBUSTOR
Moles and Tate [30] described 'forest fire storms' as the very 
first vortex combustors. The process involves the ascending 
hot air from the heart of the fire causes the surrounding 
ground level cold air to rush in to replace it. A vortex flow 
is set up with the fire providing the energy to maintain the 
system. Commercial vortex combustor is a highly confined and 
controlled version of this natural phenomenon. A cylindrical 
combustion chamber is used to confine the flow. An annular 
spiralling vortex flow within the chamber is produced by means 
of tangential air inlets and an axial exit. Fuel or waste is
19
then introduced into the chamber for combustion [31] . The 
unique principle in vortex combustion is the establishment of 
a stabilized vortex flow within the combustion chamber, and of 
using this flow to obtain a relative movement between the 
combustion air and the fuel particles. This ensures, for the 
same air-fuel ratio, a supply of oxygen for combustion much in 
excess of that which would be obtained by the diffusion 
process alone [36] . There are two principle methods of 
achieving this relative movement, and thus vortex combustor 
may be classified- into two types according to its operation 
principle [37] . The typical geometry of the two types is 
shown in Fig.2.7 and their operation principles are described 
in the following section.
Fig.2.7 Typical geometry of the two types 
of vortex combustor [30] .
2.6.1 Slagging Combustors
This type is operated with a thin protective coating of slag 
covering the wall, hence the name. The high swirl in the 
combustion chamber causes the fuel, usually pulverized coal, 
to be thrown outwards onto the wall. Here the particle
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becomes embedded in the slag coating and remains stationary 
relative to the fast flowing air vortex. This gives an 
enhanced oxygen supply, together with the removal of any 
volatile matter, thus promoting further volatilzation. The 
combustion of the fuel, embedded in the slag, contributes 
further to the slag coating and to retaining a constant 
thickness of slag. This excess ash must remain fluid enough
to run down the chamber wall and out of a tapping hole
provided in the base.
2.6.2 Non-Slagging Combustors
This type of combustor operates on the principle of 
maintaining the fuel particle within the main body of the 
combustion chamber during combustion, and not letting them 
contact the wall of the chamber. The swirl flow field is 
created by tangential air. The air inlets normally consist of 
multiple, symmetrically placed ports, usually two or more. 
When the fuel is introduced into the combustion chamber it is 
thrown outward to the wall by the centrifugal force. Because 
the gas flow field is inward to the axis of the chamber, the
movement of the fuel particle causes resistance force (drag) 
to the particle. If the two forces, centrifugal and drag , 
are equal the particle would travel spirally at a constant 
radius [31]. However, such a condition is not likely to occur 
in the combusting particles because their mass and density, 
due to combustion, are changing while moving. Thus, particle 
aerodynamics has a very sensitive effect to the controlling of 
the combustion conditions. The fact that the fuel burns
inside the chamber and not on the walls has two main
advantage [30]:
i) The wall can be operated at a lower temperature, and 
thus can be made out of cheaper materials, i.e. 
rammable plastic refractory or even mild steel,
ii) There can be no interaction, between the fuel or the
ash from the fuel, within the wall.
This type of vortex combustor has been studied and developed 
at FERGUS since 1969. In this research only this type of 
combustor is to be involved.
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2 . 7  VORTEX COMBUSTION AERODYNAMICS
Moles and Tate [30] reported that there were a number of 
workers who had investigated the velocity profiles within 
vortex combustion chambers, but non of them arrived at a 
generalized theory that gave the velocity profiles within the 
chamber based on its geometry and operating conditions. 
However, there is a general agreement that the tangential 
velocity (u) versus radius (r) in a vortex combustor is that 
of a 'Rankine' vortex which is illustrated in Fig.2.8. It
Fig.2.8 Rankine vortex flow. [30]
consists of two parts the ’Fixed' and ’Free' vortex flow. The 
fixed vortex flow occur at the central core and has the form 
u=kr and is sometime referred to as 'solid rotation'. The 
free vortex occurs at the outer annular and is described in 
the form u-l/r. There is also general agreement that the 
radial and axial velocities are small in comparison to the 
tangential flow with The radial flow inwards towards the axis, 
and the axial flow towards the exit at the flue end of the 
chamber.
Moles and Tate [30] investigated the aerodynamics of vortex 
flow in vortex combustor models. It could be concluded from 
their work as follows:
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i) The shape of the velocity profiles within the flow 
chamber were independent of the absolute chamber dimensions 
and air throughput. A typical plot to demonstrate this 
conclusion;is shown in Fig.2.9.
Radius (Qiaensicmess)
  — _______ Tangential veiocityl320010S)
 . ______  Axiai veiociUj(P280LBS}
 .______  Radial veiocilu(3200LSS)
■ -......  Tangential velcCi'tu(8l00LBS)
    Axial veiaCily(9100L9S)
  ...  Radial velocit.yCai00i.BS)
______________  Rue radius
Fig.2.9 Typical normalized velocity profiles.[30]
ii) The variation of inlet angle of the air inlet port
from tangential position up to 60° has very little effect to 
the velocity profiles so as to the variation of the number of 
inlet port.
iii) Very little effect on velocity profiles was observed 
when the length to diameter (L/D) ratio was changed.
iv) The most striking change in flow profiles occurred 
when the exit diameter of the chamber (De) was changed. It
was very obvious that this determined the radius position in
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the chamber where the peak tangential velocity occurred. This 
was shown, in dimensionless form (De/D), in Fig.2.10. This 
peak occurs at the change-over from a fixed vortex core to the 
outer free- vortex flow.
. , Tangential velocity flue 0.175)
  ______  Tangential velocitylflue 0.25)
 _ ______ ___ Tangential velocilt/.flue 3.375)
 ____„___  „ Txnqenual velocilutflue 8.55)
Fig.2.10 Dependence of velocity profile on flue radius[30].
2.8 ADVANTAGE OF VORTEX COMBUSTION FOR WASTE DISPOSAL
This section discusses the merit of vortex combustors to the 
other types of combustor in general. Vortex combustors have 
very lengthy residence times which result from either, the 
impingement of the fuel onto the periphery wall in the 
slagging type of combustor, or the fact that the fuel follows 
-a different path to that of the air in the non-slagging type. 
Residence times of 10 times the mean residence time have been 
observed, even for the non-slagging type of combustor [30].
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Very high released rates, in the order of 1" MW/m3- have been 
recorded [30] . This means a much . smaller
combustion chamber than other types of the same heat load.
For the non-slagging type vortex combustor, there is a special 
advantage. It is free from restrictions on the waste it can 
burn. This is because there is no contact between waste and 
the combustion wall, thus no chemical interaction occurs. As 
a result, a single non-slagging vortex incinerator, would be 
u s e 'for a wide range of wastes which might otherwise need a 
number of incinerators, each having to be chemically resistant 
to a specific class of waste.
With these advantages it is probable that the non-slagging 
type vortex combustor is suitable for black liquor 
incineration. Black liquor contains a high percentage of 
chemicals, it is undoubtedly true that burning without 
contacting the furnace wall would have great merit as 
discussed previously. Besides, due to its high heat released 
rate, it would be compact in size and therefore, would be 
suitable for using as an auxiliary furnace for an over-loaded 
recovery boiler.
2.9 THE' COMPUTATIONAL FLUID DYNAMICS SIMULATION
The design and development of a combustion system usually 
involves an empirical trial and error approach. Previous 
experience and experimental data on the full or pilot scale 
are used to modify the existing design until the design 
performance i& achieved [42] . This is a very expensive and 
time consumed process indeed. Much of the work associated 
with the experimental design procedure could be reduced by 
utilizing computer simulation.
Because all combustion systems involve some form of fluid 
flow, the computational fluid dynamics (CFD) computer program 
can be used as a tool for their simulation. Recently, there 
have been a number of combustion research workers who have utilized
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TABLE 2 . 3  E x a m p l e  o f  c o m b u s t i o n  r e s e a r c h  e m p l o y e d  CFD.
AUTHOR TITLE CODE
USED
TURB.
MODEL
GAS
COMBUSTION
1, Lockwood,F.C.; 
e t .a l .
A Prediction Method for 
Coal-Fired Furnaces. TEACH k-e Eddy
2. Grzegolka,K., 
e t .a l .
C alculation of Pulverized  
Coal Combustion in  
Axisymmetric Furnace.
* k-e Eddy
Arrh
3. Lockwood,F.C. Prediction of Industry 
Combustion Flow.
* k-e pdf
4. Ramos,J.I. Numerical Solution of 
Non-premixed Reactive flows 
in a Swirl Combustor Model.
* k- 1 Eddy
5. Arbib,H.A., 
e t .a l .
A Numerical Model of High 
In ten sity  Confined 
Hydrocarbon Combustion.
* k- 1 3-step
6. Pericleous,K .A . 
e t .a l .
,The Modelling of Thermal 
NOx Emission in  Combustion 
and i t s  A pplications in  
Burner Design.
PHOENICS k-e Eddy
7. Ahlstedt ,H ., 
e t .a l .
Modelling of Sw irling Flows 
and Heavy Fuel Combustion. PHOENICS k-e ?
8. Lockwood,F.C. 
and
Salooja.A
The Prediction of Some 
Pulverized Bituminous Coal 
Flames in a Furnace.
TEACH k-e pdf
9. Mason<H.B. and 
Spalding,D.
Prediction of Reaction-Rate 
in  Turbulent Premixed 
Boundary-Layer Flows.
* k-e Eddy
10. Spalding,D.B. The Two-Fluid Model of 
Turbulence Applied to 
Combustion Phenomena.
PHOENICS Two-Fluid
11. Vanka,S.P. Calculation of Axisymmetric, 
Turbulent, Confined 
D iffusion  Flames.
* k-e pdf
12. K halil,E .E . Flow and Combustion 
C haracteristics of 
Turbulent Reacting Flames.
TEACH-T k-e Eddy
Arrh
13. S tu rgess,G .J ., 
e t .a l .
Application o f  Numerical 
Modelling to Gas Turbine 
Combustor Development 
Problems.
TEACH k-e Eddy
14. WU,J.Z.Y. The Application of the 
Two -  Fluid Model of 
Turbulence to Ducted Flames.
PHOENICS two- flu id
15. Kjaldman,L. Modelling of Peat Dust 
Combustion. PHOENICS k-e Eddy
Eddy : eddy-break-up model * Undefied or s e l f  developed code
Arrh : Arrhenius equation
pdf : Probability  density function
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( b )  C y lin d r ic a l  P o la r  “ ( c )  B o d y ' f i t  te d
F i g .  2 . 1 1  The  t h r e e  g r i d  s y s t e m s  f a c i l i t a t e d  i n  PHOENICS
this tool for their simulations [38-57]. Some of this work is 
listed in Table 2.3. There are a number of CFD program 
commercially available for example, TEACH, PHOENICS, FLUENCE, 
FLOW, 3-D. PHOENICS version 1.4 is the one that has been used 
for the work of the The Fuel and Energy Research Group at The 
University of Surrey (FERGUS).
2.10 THE BASIC PRINCIPLE OF A CFD PACKAGE
Gosman et.al.[56] provides the step by step introduction to 
the development of a computational fluid dynamics package in 
very great detail. Smoot and Smith [57] also summarize and 
shqw how these tools could be applied to coal combustion and 
gasification problems. These works are far beyond this study, 
and hence only a brief description of some of the basic 
principle are reviewed here, using PHOENICS package as an 
example.
2.10.1 How Physical Phenomena are Described
( a )  C a r te s ia n
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PHOENICS describes phenomena involving the flow of heat or 
material in terms of distributions in space and time of 
temperatures, velocities, pressures, concentrations and other 
physically meaningful quantities [59]. The locations in space 
and time at which these quantities are imagined to lie within 
a finite set of 'cells' which added together, make up the 
whole space-time domain that is being considered. These 
imaginary cells are created by a grid system. The grid system
may be cartesian, cylindrical polar, or body-fitted as
illustrated by Fig.2.11.
2.10.2 The Equation Solved
The governing equations for all variables can be expressed in
the following standard form [59].
f ^ r . p ^ )  + d i v ^ p ^ -  r r grad<p.) = r S  (1)
i  i
t r a n s i e n t  c o n v e c t i o n  d i f f u s i o n  s o u r c e
w h e r e :
t « time
r. = volume fraction of phase i
p. = density of phase i
(p. = any conserved property of phase i, such as enthalpy,
momentum per unit mass, mass fraction of a chemical
species, etc. 
v A a velocity vector of phase i
a the exchange coefficient of the entity <p in phase i
S = the source rate of <p
For conservation of mass equation <p. = 1 and equation (1) becomes 
the mass conservation equation. When <p represents
momentum or enthalpy the equation becomes the Navier-Stokes 
and the first law of thermodynamics, respectively.
2.10.3 Closure of the Equation Set
In order to solve a set of differential equations, it is 
necessary to specify boundary conditions and auxiliary
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variables at appropriate points throughout the system. 
Auxiliary variables include such factors as thermodynamics and 
physical properties of the fluid, and are usually specified 
algebraically. An example of such an auxiliary relation is 
the ideal gas law.
2.10.4 Turbulence Model
In order to solve a turbulent flow problem, which is the 
commonest phenomenon in combustion systems, a turbulent model 
has to be specified. The importance, history and development 
of turbulence models can be found in reference 60. The task 
of a turbulence model is to calculate the value of the 
turbulent viscosity, This turbulent viscosity is to be
added to the laminar viscosity to form an effective viscosity. 
The flow equation is then adopted, the one for laminar flow 
being the Navier-Stokes equation [56,60,62].
PHOENICS package provides with the following models [59,61].
(a) The Prandtl mixing-length model
M = p 1  [ | - ]
where p = density of fluid
1 = mixing length scale
u = velocity in the main-stream direction 
y =* distance normal to that direction
(b) The Prandtl-Kolmogorov model
1 / 2
= CDP U k
where C D= constant
k = time average turbulence kinetic energy
(c) The k-e model
. 1 / 2  
H = C -t D C
£ = rate of dissipation of kinetic energy
There is no universal turbulence model. The appropriate model
must be selected or adapted to give the most accurate\
t r e a t m e n t  f o r  t h e  s y s t e m  i n  q u e s t i o n .
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In order to describe and quantify the flow properties within 
the system, numerical values must be computed for each of the 
dependent variables at each of the nodal points generated by 
dividing the system into a grid as shown in Fig. 2.11.
2 . 1 0 . 5  M e th o d  o f  S o l u t i o n
For each dependent variable there are as many algebraic 
equations as there are cells in the grid. Solution of these 
equations is further complicated by the fact that many of them 
are strongly interactive. The .method of solution adopted by 
PHOENICS is a simple iterative procedure whereby initial 
values of dependent variables are guessed and new values 
computed until the error becomes negligible.
2.10.6 The Structure of PHOENICS
PHOENICS is designed on a modular structure, shown in Fig.2.12 
[59,61]. The package is divided into four 'modules', the
essential ones being the pre-processor, 'SATELLITE' and the
main processor, 'EARTH'. The remaining programmes are 
'PHOTON', the graphic post-processor and 'GUIDE', the
self-instruction program. The details of the functions of 
these programs and how to operate the package are fully
described in reference 59 and 01.
30
2 . 1 1  THE PARTICLE SOURCE IN CELL METHOD
The simulation of spray droplet combustion, as occurring in 
black liquor combustion {chapter 4) Can be regarded as a two 
phase flow phenomenon. The gas phase comprises air, 
combustible gases and the combustion products. The other 
phase is the cloud of black liquor droplets. The primary 
problem in analysing such a process lies in treating the 
coupling of mass, momentum and energy between the two phases. 
These coupling phenomena, schematically illustrated in 
Fig.2.13, comprise a very complex interaction which affect 
both the gas and the droplet phase. Consider, for example,
Velocity <-------  Mass -------—— > Trajectories
Pressure Size
*----- Momentum ---- -- »
Temperature Temperature
Field ♦—  Thermal energy --- > History
GAS PHASE DROPLET
Fig.2.13 Gas-droplet coupling phenomena.
PHOENICS, the computational fluid dynamics package used in 
this research, has employed the Eulerian approach [61] which 
uses a fixed frame of reference, as the standard facility. In 
two phase simulation the continuum formulation of the 
conservation equations are applied identically to both phases. 
This method is satisfactory for handling immiscible fluids, or 
heavily loaded particle suspensions but not for droplet 
combustion [39,40,52,57,63-66]. Therefore, in order to be 
able to simulate black liquor combustion some other procedure 
must be used.
2.11.1 Particle Tracking in Gas Flow Field
The method that the author has used is due to Crowe et.al.[52] 
who developed the PSI-CELL technique for tackling such
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problems. This technique is based on following the 
trajectories of paths of representative particles or droplets 
through the gas-phase field. These particles are then treated 
as sources of mass, momentum, and energy to the gaseous phase. 
The method is widely used and accepted by the researchers in 
this field and some of these are tabulated below in Table 2.4.
Table 2.4 The implementation of the PSI-CELL method.
Author r e f . Works
G r z e g o l k  e t  a 1 . 3 9 C a l c u l a t i o n  o f  P u l v e r i z e d  C o a l  
C o m b u s t i o n  i n  A x i s y m m e t r i c a l  F u r n a c e .
L o c k w o o d  F . C . 4 0 P r e d i c t i o n  o f  I n d u s t r y  C o m b u s t i o n  
f l o w s .
L o c k w o o d  F . C .  & 
S a i o o j a  A . P .
4 5 T h e  p r e d i c t i o n  o f  s o m e  P u l v e r i z e d  
B i t u m i n o u s  C o a l  F l a m e s  i n  a F u r n a c e .
K j a l d m a n  L . 5 2 M o d e l l i n g  o f  P e a t  D u s t  C o m b u s t i o n
S m o o t h  L . D .  & 
S m i t h  P . J .
5 7 C o a l  C o m b u s t i o n  A n d  G a s i f i c a t i o n .
M o f f a t  J .  & 
P e r i c l e o u s  K .
6 3 C y c l o n e  F e e d e r  D u c t .  fi
S o l i d  R o c k e t  M o t o r  P a r t i c l e  T r a c k  
A n a  l y s i s .
L o c k w o o d  e t  a  1 . 6 5 A P r e d i c t i o n  M e t h o d  f o r  C o a l - f i r e  
F u r n a c e s
P e r i c l e o u s  K . A . 6 6 M a t h e m a t i c a l  S i m u l a t i o n  o f  
H y d r o c y c l o n e .
R o g e r s  S . & 
M e t a l  K a t g e r m a n  L .
6 7 P a r t i c l e  t r a c k i n g  o f  S o l i d i f y i n g  
D r o p l e t s  D u r i n g  G a s  A t o m i s a t i o n .
In the light of this technique, the simulation of black liquor 
combustion by mean of a computational fluid dynamics (CFD) 
package becomes a very attractive proposition.
2.11.2. Basic Concept of the PSI-Cell Method
In order to apply the PSI-CELL model it is first necessary to 
subdivide the flow field into a series of cells, as shown in 
Fig.2.14. The example shown here is a spray issuing into a 
moving gas stream. Each cell is regarded as a control volume 
for the gaseous phase. As droplets transverse a given cell in 
the flow field they may be:
a) evaporating or condensing, resulting in a source (or 
sink) of gaseous mass to the fluid in the cell,
32
COMPUTATIONAL CELL
Fig.2.14 Cell structure used in PSI-CELL method.
a c o m p u t a t i o n a l  c e l l
Fig.2.15 Illustration the transaction of mass, 
momentum, and heat between the two phase.
b) accelerating or decelerating, resulting in a momentum 
augmentation or deficiency in the fluid in the cell in the 
direction of droplet motion,
c) conducting heat or convecting enthalpy, resulting in a 
source (or sink) of thermal energy to the fluid in the cell.
This mass, momentum, and heat transfer is shown in Fig.2.15 
which shows a droplet trajectory in a computational cell.
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Finite-difference equations for mass, momentum and energy 
conservation are written for each cell, which incorporate the 
contribution due to the condensed phase. The continuum flow 
field is analyzed utilizing the Eulerian approach, which is 
the most straightforward approach for analyzing continuum 
flows. The entire flow-field solution is obtained by solving 
the system of algebraic equations constituting the 
finite-difference equations for each cell. This is the 
standard facility equipment for PHOENICS.
Fig.2.16 Flow chart of the PSI-Cell computational scheme.
The droplet trajectory, size and temperature history are 
obtained by integrating and equating the equations of motion 
for the droplet in the gas flow field and utilizing 
expressions for the droplet-gas mass and heat transfer rate. 
Solving for the droplet velocity, size and temperature along
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particle trajectories is done using the moving frame, the so 
called Lagrangian, approach, which is the simplest approach 
for the droplet phase. Recording the mass, momentum and 
energy of droplets on crossing cell boundaries provides the 
drop source terms for the gas flow equation.
The complete solution for a gas-droplet flow field is executed 
as the flow diagram illustrated in Fig.2.16. The calculation 
is begun by solving the gas flow field assuming no droplets 
are present. Using this flow field, droplet trajectories 
together with size and temperature histories along the 
trajectories are calculated. The mass, momentum and energy 
source terms for each cell through the flow field then are 
determined. The gas flow field is solved again, incorporating 
these source terms. The new gas flow field is used to 
establish new droplet trajectories and temperature histories, 
which constitute the effect of the gas phase on the droplet. 
Calculating new source terms and incorporating them into the 
gas flow field equations constitutes the effect of the droplet 
cloud on the gas phase, thereby completing the cycle of mutual 
interaction or "two-way" coupling. After several iterations 
the flow field equation is satisfied to a predetermined value 
and then the solution which accounts for the mutual iteration 
of the droplet and gas is obtained.
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CHAPTER 3
BLACK LIQUOR COMBUSTION MODELLING
3.1 INTRODUCTION
The necessity foraparticle tracking program for a black liquor 
combustion simulation using a computational fluid dynamics 
(CFD) package was discussed in Chapter 2 .  In order to develop 
such a routine program, the movement and the combustion 
phenomena of the particles must be expressed in mathematical 
terms, after which a program module could be coded. The 
developments were explained in three ways. Firstly, the black 
liquor particle combustion was mathematically modelled. 
Secondly, the particle’s equation of motion was developed and 
the coupling of momentum, heat, and mass between the particle 
and the gas phase, referred to as 'the particle source t e r m ’, 
were formulated. Finally, a program module was coded in the 
way that it could be linked with the main program. The main 
program was the package called 'PHOENICS* and it was equipped 
with the gas phase calculation facilities as described in 
Chapter 2.
3.2 COMBUSTION MODEL FOR KRAFT BLACK LIQUOR
In order to simulate black liquor combustion using a 
computational fluid dynamics (CFD) program, mathematical 
expressions explaining the processes must be formulated. It 
is not likely to do so with a high degree of accuracy, using 
the present information and knowledge. As explained in 
Section 2 , the combustion of black liquor is not well 
characterised. Although, many workers have put a lot of their
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effort into this matter, none of them come out with a universal 
expression to represent the combustion process of black 
liquor. Besides, black liquor from different process or raw 
material show different chemical and physical characteristics. 
The previous and proposed further studies of Clay [8] in the 
black liquor property study may give some valuable answers for 
the future.
Because there is so little information available only a
very simple combustion model may be formulated. Besides, the 
hardware used in simulation is a microcomputer with a limit of 
4 Mb memory storage. Introducing one more independent 
parameter in the simulation means a multiple increasing in 
computer memory required. Moreover, and it may be the most 
important factor, the speed of calculation, with such a 
computer it is extremely slow. From the experiences in the 
simulation of natural gas combustion, as explained in chapter 
4, with the grid size of 16x12x11, it takes about 130 hours in 
iteration to come to solution. Of course, the more the 
variables in the simulation the more the computational time 
consumed. Because of these two major restrictions, a  very 
simple combustion model has to be considered. With the
information available from the literature, incorporated by 
further simplifications made regardless of the different 
liquor compositions, such models could be established. Of 
course, one must not expect an accurate result from these 
formula but when the more accurate mathematical expressions 
are available then more accurate computer simulation may be 
expected.
3.3 THE COMBUSTION MODEL
This section concerns the development of the mathematical 
expressions which approximate to the black liquor combustion 
process. The model is based on the three- stages of 
combustion described by Grace [6], Adams [9], and Milanova and
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Kubes [18], in section 1.2 i.e. drying, pyrolysis, char 
burning and inorganic reaction. The last step, from now on, 
will be referred to as 'char combustion' or ' char burning* 
for short. The processes occur in sequence with no overlap.
D R Y I N G  P Y R O L Y S I S  C H A R  C O M B .
Fig. 3.1 The model of black liquor combustion.
The model is schematically demonstrated in Fig.3.1. In drying 
it is assumed that the rate of moisture evaporated is 
dependent on heat transfer rate, and that the internal heat 
transfer resistance of a droplet is negligibly small. The 
complexities of the pyrolysis and char combustion process are 
simplified by the following approximations. The gases 
produced from pyrolysis and char burning process are 
considered as a single gas containing only C, H, and 0. There 
are two obvious advantages arising from this assumption. 
Firstly, the fractions of each gas generated are not known. 
With this simplification, a representative gas can be assumed 
and consequently, the amount of air required to combust this 
gas can be determined. Secondly, computational time in a 
simulation can be considerably reduced. This is because only 
one combustible gas solution has be arrived at instead of some 
7-8. The rates of pyrolysis and char burning are assumed to 
be kinematically controlled. The rate of reactions are 
considered to obey a first order Arrhenius* equation. The 
frequency constants and the activation energies are to be 
determined from one of Hupa et.al.[12] results. The resultant 
gases above are combustible gases and their combustion are to 
employed the eddy-break-up model. The details of the model 
are to be explained in the next section.
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3 . 3 . 1  D r y i n g  P r o c e s s
The drying process involves the transfer of heat to the
droplet to provide the latent heat of vaporization. This may 
be limited by the heat transfer rate to the droplet surface or 
the rate of heat transfer within the droplet. Adams [93 and
Shick [35] suggested that in black liquor it could be
considered as external heat transfer control. Therefore the 
amount of moisture evaporated from a droplet is determined 
from the amount of convective and radiative heat transfer from 
gas phase to the droplet.
m = ( Q + Q ) / h
H O  CONV*  RAD.  '  L2
<3„^_TT = Nu it k d (T - T ) Wattconv. gas p
where k is the thermal conductivity of the gas
Nu is the Nusselt number
Nu = 2 + 0.6 Re Pr
Pr is the Prandtl number of the gas phase,
d is the particle diameter
cr _ j = a A e (T4 - T 4) Wattrad. p g p
where a  = Stefan-Boltzmann constant
2
» 5 .6 6 9 E -8  W/m2 K4
A = Droplet surface area, m'P
e = Gas phase emissivity.{assume=l.0)
hT = latent heat of evaporation of water 
= 2.240 10 J/kg
3.3.2 Black Liquor Solid Combustion
Materials and Heat of Combustion
According to Adams [9] about 60% weight of dried black liquor 
is volatile matter, the other 40% being char. The char itself
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contains approximately 15% organic carbon and 85% inorganic. 
The approximate elementary composition (%wt. on dry basis) is 
then as follows [6]: Na=18.7%, S=3.4%, C=38.8%, H=3.9%,
0=35.2%. The lower heating value is 12,180 kJ/kg bis. This 
information is summarized in Fig.3.2.
D R I E D  B L A C K  L I Q U O R  
N a l 8 . 7 % , S 3 . 4 % , C 3 8 . 8 % , H 3 . 9 % > 0 3 5 . 2 %
H H V  = 1 5 ,  3 5 0  k J / k g ;  L H V = 1 2 , 1 8 0  k J / k g
60 % 40 %
CHAR
VOLATILE MATTERS
[ 1 5  % C ,  8  5  % S a 1 t  s 3
Fig. 3.2 Approximation of black liquor materials.
According to Adams [9] the product gas from pyrolysis of black 
liquor consists of CO, H 2, H 2CU H 2S ' light hydrocarbons, and 
organics. The fraction of each gas is not specified. In char 
combustion the char is gasified to CO and C 0 2 [9] while the
inorganic material is converted to the final products 
containing mostly N a 2S and N a 2C 0 3 . In this model, however, 
all of these gases are assumed to be one, as previously 
discussed. Further assumptions are made concerning the 
pyrolysis and char combustion as follows:
1) Smelt contains only Na S and Na CO .
2  2  3
2) No vaporization of sodium and sulphur.
3) Only carbon is involved in char gasification and the 
required oxygen comes from air.
From the above assumptions the composition of the 
representative combustible gas can be determined as follow:
Considering 100 kg of dried black liquor,
Na m  the form N a 2S = 3 2 x 3,4 = 4,89 kg
.*. Na in Na CO^ = 18.7-4.89 = 13.81 kg
2  3  *
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C in Na CO
2  3
0 in Na C0„
2  3
1 2
(2x23)
(3x16)
x 13.81 
x 13.81 14.41 kg
3 . 6 0  kg
(2x23)
The balance of other elements are tabulated in Table.3.1 
below.
Table 3.1 Summary of the 
----------- per 100 kg bis.
elements content
E l e m e n t s
D r i e d  
B . L .
S m e l t
C o m b u s t i b l e  g a s e s
V o l a t i l e C h a r  g a s S u m
c 3 8  . 8 3  . 6 0 2 9  . 2 6 . 0 3 5  . 2 0
H 3  . 9 - 3  . 9 - 3 . 9 0
0 3 5  . 2 1 4 . 4 1 2 0 . 7 9 - 2 0 . 7 9
N a 1 8  . 7 1 8  . 7 - - -
S 3  . 4 3  . 4 - - -
S U M 1 0 0  . 0 4 0  . 1 1 5 3 . 8 9 6 . 0 5 9 . 8 9
From this simplification the ratio of volatile matter to char 
is about 54:46 which is close to 60:40 as suggested by Adams 
[9] . Air required to burn this combustible gases can be 
determined as follows:
Element .m  the gas
Combustion
products
kg 0 
kg
„ per 
gas
C 35.21 C0 2
3 5 . 2 1 3 2  
12 = 93.87
H 3.9 H 2°
3.9 16 
X _ 2 = 31.20
0 20.79 = -20.79
Sum = 104.28
Oxygen required per kg gas 10459
.28
.89 1.7412 jj&- ° 2gas
Hence, Air/Fuel ratio = 1.7412x100/23 7.5704 r3- kg
air
gas
= 7.5704 r2-  kg
Air - 
Gas x 0 *5989 kg
Gas
bis
= 4.5339 kg Air/kg bis
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This approximated air/fuel ratio value is very near to the 
much more detail calculation of Grace [6] and Adams [9] which 
give values of 4.525 and 4.5556, respectively.
The heating value of the gas is determined from the lower 
heating value of the black liquor solids. The higher heating 
value (HHV), as measured in an Oxygen Bomb Calorimeter is not 
representative of the actual amount of heat released in 
practice because of two main factors. Firstly, it included the 
latent heat recovered due to water condensation which would 
not occur in a furnace process. Secondly, in a bomb 
calorimeter the final products are mainly N a 2S04 whilst in a 
recovery furnace it is required that most of N a 2S04 be reduced 
to N a 2S. This reduction process is endothermic by 12,900 
kJ/kg N a 2S [9] . The subtraction of the amount of heat 
contributed from these two effects yields the lower heating 
value (LHV) . The typical value of the HHV and LHV of black 
liquor solids are 15,350 and 12,180 kJ/kg, respectively.
During the devolatilisation of volatile matter and the 
gasification of the char, heat needs to be transferred to the 
black liquor. The complete combustion of the resultant gases 
gives up a certain amount of heat. Assuming the latent heat 
of volatilisation is small, compared to the heat of 
combustion, coupling these heats together gives a heating 
value for the gases with little error. From previous 
calculation, there is 59.89 kg of combustible gases per 100 kg 
of black liquor solids. Thus the heating value of the gases 
i s :
- I M -  if-- x  12,180 rk- = 20,306.95 k J / k g59.89 k g  g a s e s  k g  b i s .    _
B. Combustion Calculation
From the above estimations, the materials balance and the 
adiabatic flame temperature at various combustion conditions 
can be calculated, assuming complete combustion, i.e.: For a
required heat of combustion, Qin, black liquor flow rate is:
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m
BL
Q-in kW
Q kJ/kg blreleased
Heat release, Q is the net heat from combustion andre 1 eased
(LHV X S)
is determined from:
Q =re 1 eased
LHV is lower heating value of black liquor solid, h L is the 
latent heat of evaporation of water, and S is the solid 
concentration of black liquor.
m
ra
ra
(1-S) ra
vo1 a t i 1 e
B L
0.5989 x  S x  III
BL
(1+Ex) x AF x S x m'air ^
Where Ex is the excess air. The plot of air required for 
various heat load at excess air of 40%-400% of 65% black 
liquor solid is shown in Fig.3.3.
Hatt input Sam bhtck liquor, kW
Fig. 3.3 Air required versus heat rate at various 
excess air of black liquor of 65% solids.
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The adiabatic flame temperature represents the maximum 
temperature that could be attained from a given liquor. The 
amount of actual energy available from the liquor is the 
lower heating value (LHV). Neglecting the sensible enthalpy 
of the inputs, the simple heat- balance, considering 1 kg of 
black l iquor, is as follow:
Q v £ ra-h. -  Z m hconb i i  o areact prod
LHV - E m C (T - T ,)
“  e p A F  r e f  
p r o d
The product contains mostly C02 , N 2 , 0 2 , and H 20. The
specific heat of the first three gases are about 1.0 but steam 
is about 1.87. Therefore, steam is separately considered from 
the other.
Excess air
Fig.3.4 Adiabatic flame temperature of black liquor of 
different solids content at excess air of 40%-400%.
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Hence: LHV = (m Cp + m„ Cpt, ) (T -T )
g a s  g a s  H O  H O  A F  r e f2 2
LHV
T T +A F  r e f (m Cp + m Cp )
g a s  g a s  2  2
where
m 55 m , + m . = [0.5989 x S] + [(1+Ex) x AF x S]gas v o l t  air
Plot of the adiabatic flame temperature at various solid 
content and per cent excess air is illustrated in Fig.3.4.
C. The Arrhenius’ Equation
From one cf the results of Hupa et.al.[12] illustrated in
Fig.3.5, the Arrhenius' constants for each combustion stage 
can be determined as follows: Assume that the reactions are
of first order, i.e. the decreasing rate of mass is proportion 
to its original mass [68] :
dm
d t  = ~ km (1)
The analysis can be illustrated as follow:
Arrhenius' eq.: k = k exp(-E /RT) (2)0 H
k/k = exp(-E /RT)o a
ln(k/k ) = -E /RTo a
ln(k)-ln(k ) = -E /RTo a
ln(k) = ln(k ) - E /RT (3)o a
From equation (3) Plot of ln( lr/t ) vs. 1/Temp would give a
straight line of slope -E /R and intercept at ln(k ) .a o
Consequently, the frequency constant k Q and the activation
energy E can be determined. The data input were tabulated inCl
Table BI of Appendix B.l. The curve fitting employed the
least square method. This was done by mean of QUATTRO, a
spread sheet program. The resulting data were also tabulated 
and shown in Table B3. The data and the fitted lines were
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plotted in Fig.3.5. They were very good fit and the square of
2the correlation coefficients (r ) were greater than 0.92 (see
Table B4) . The frequency constants (kQ) and the activation
energies (E ) of the pyrolysis and char combustion process a
(Table B3) were 3.81, 3.85 per sec. and 9166.35, 12736.76
kJ/kmol, respectively.
1 /T (1E—03)
Fig. 3.5 The Arrhenius plotted.
drying
pyrolysis
a
char burn
Therefore, the pyrolysis rate is determined from: 
mpyro m volk exP < - V  RV
where
m yo£ = mass of volatile matter in the drop,
k = frequency constant = 3.81
E = activation energy = 9166.35
R = the universal gas constant = 8.3143
The char combustion rate is determined from: 
m. m Chark exP ( ' E a > RTg :Char 
where
m Cha = mass ° £  ck ar matter in the drop,
= frequency constant = 3.85
E& = a c t i v a t i o n  e n e r g y  = 1 2 7 3 6 . 7 6
kg/s
kg
per sec. 
kJ/kmol
kJ/kmol-K
kg/s
kg
per sec. 
kJ/kg
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3 . 3 . 3  Gas P h a s e  C o m b u s t io n
The g a s  phase  i n  th e  combustion f i e l d  i s  s i m p l i f i e d  such t h a t  
i t  i s  c o n s i d e r e d  t o  c o n s i s t  o f ,  s team, th e  c o m b u s t ib le  g a s ,  
a i r ,  and p r o d u c t  o f  c om b u st ion .  In  t h e  com bust ion  model 
c o m b u s t ib le  g a s e s  a r e  to  be c a l l e d  FUEL. The com bust ion 
p r o c e s s  employed th e  s i n g l e  s t e p  com bust ion [ 6 1 ] :
FUEL + AIR  * PRODUCT
The r a t e  o f  FUEL consumption employs th e  ed d y -b re a k ~ u p  model 
which i s  v e r y  w e l l  a t t e s t e d  i n  s i m u l a t i o n  o f  g as  combustion 
[ 3 8 , 3 9 , 4 1 , 4 3 , 4 6 , 4 9 , 5 0 , 5 2 ] .  The com bust ion  r a t e  i s
p r o p o r t i o n a l  t o  th e  e n e rg y  d i s s i p a t i o n  r a t e  (e) and th e  
t u r b u l e n t  k i n e t i c  e n e r g y  (k) r a t i o  as  shown i n  the  e q u a t i o n  
b e lo w .
The r a t e  o f  FUEL consumption i s
i  D =  p  V , , CEBU x  m x  .7 kg FUEL/sF u B u  c e l l  F u S o  k
where
p i s
V i sc e l l
CEBU i s
m i sF uSo
m —
F uSo min (in ,m / S t o i c )  kg FUEL/kg mixF u e l  A i r
A l l  the  g a s e s  i n v o l v e d  a r e  assumed to  be i d e a l ,  hence ,  th e  g a s  
d e n s i t y  and t e m p e r a tu r e  can be d e te rm in e d  as  f o l l o w :
P M
Gas d e n s i t y ;  p = -------gas
R T
g a s
1 m.i. _ r* lM - L m
g a s  l
where m. and M. a r e  mass and m o l e c u l a r  w e i g h t  o f  c o n s t i t u e n ti i
i ,  r e s p e c t i v e l y .
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Gas t e m p e r a t u r e ; T g a s
in i s  th e  mass f r a c t i o n  o f  the  FUEL rem ained  i n  c e l l
f u
H i s  the  h e a t  o f  com bust ion  o f  th e  FUEL, k J / k g
Cp i s  th e  s p e c i f i c  h e a t  o f  th e  m ix in g  g a s ,  k J / k g  Kg a s
g a s
h i s  the  s p e c i f i c  t o t a l  e n t h a l p y  o f  th e  g a s ,  k J / k g
In  c o m p u t a t i o n a l  f l u i d  dynamics  methods i t  u s u a l l y  c o n s i d e r e d ,  
e n t h a l p y  be a c o n s e r v e d  p r o p e r t y .  T h i s  i s  th e  ' s t a g n a n t *  o r  
’ t o t a l *  e n t h a l p y  which i n c l u d e s  the  s e n s i b l e  e n t h a l p y  and the  
e n t h a l p y  o f  com bust ion  o f  th e  f u e l  [56] . At i n l e t ,  the
s t a g n a n t  e n t h a l p y  o f  a f l u i d  i s  d e te r m in e d  from the  e q u a t i o n :
Where TQ i s  a r e f e r e n c e  te m p e r a t u r e  and h i s  th e  n e g a t i v e  o f  
th e  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  f u e l .
The amount o f  FUEL b u r n t ,  t h e r e f o r e ,  n o t  o n l y  r e p r e s e n t s  th e  
amount o f  mass t r a n s f e r  from b l a c k  l i q u o r  d r o p l e t s  to  the  g a s  
phase  b u t  a l s o  th e  e n t h a l p y .
3 . 3 . 4 .  O thers  A ssu m ptions  f o r  CFD S i m u l a t i o n
In  the  pro gram in g  o f  b l a c k  l i q u o r  i n c i n e r a t i o n  i n  a v o r t e x  
combustor  u s i n g  th e  PSI-CELL method d i s c u s s e d  i n  the  n e x t  
s e c t i o n ,  t h e r e  a r e  f u r t h e r  a s s u m p t io n s  w hich  have to  be made 
r e g a r d e d  b l a c k  l i q u o r  com bust ion  as  i . e . :
1 )  P a r t i c l e s  a r e  s p h e r i c a l  i n  shape a t  a l l  s t a g e s .
2) Heat c a p a c i t y  and the  i n t e r n a l  h e a t  r e s i s t a n c e  o f  the  
d r o p l e t s  i s  n e g l i g i b l e .
3) The s t a g e s  o f  d r y i n g  and s o l i d  com bust ions  a r e  
d e te r m in e d  by th e  r e l a t i v e  mass o f  the  d r o p l e t ,  i . e . ,  a 
p a r t i c l e  s t a r t s  i t s  p y r o l y s i s  p r o c e s s  a f t e r  the  m o i s t u r e  i n  
t h e  drop has a l l  e v a p o r a t e d .
4) D r o p le t  d e n s i t y  i s  c o n s t a n t  a t  each  s t a g e .
h dT + T in h
^  P i t
0
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The a p p ro x im ate  s p e c i f i c  g r a v i t i e s  f o r  k r a f t  b l a c k  l i q u o r  
r e p o r t e d  by Adams [9] have been u se d  as  f o l l o w s :  1 . 4  f o r  b l a c k  
l i q u o r  and a t  the  end o f  d r y i n g ,  p y r o l y s i s ,  and c h a r  b u r n in g  
the  s p e c i f i c  g r a v i t i e s  a r e  0 . 9 ,  0 . 0 4 ,  and 2 . 5 ,  r e s p e c t i v e l y .
The a v e r a g e  v a l u e  o f  the  b e g i n n i n g  and th e  end o f  each  s t a g e  
i s  used  a s  the  r e p r e s e n t a t i v e  v a l u e  f o r  t h a t  s t a g e .
5) P r o p e r t i e s  o f  the  g a s  s u r r o u n d i n g  a d r o p l e t  i s  assumed 
to  e q u a l  the i n - c e l l  v a l u e .
6 ) The combustor  i s  a d i a b a t i c .
3.4 DROPLET EQUATION OF MOTION
In  o r d e r  to  e v a l u a t e  the s o u r c e  terms i n  th e  g a s - p h a s e  f l o w  
e q u a t i o n  due t o  the  p r e s e n c e  o f  d r o p l e t s ,  i t  i s  n e c e s s a r y  to  
e s t a b l i s h  d r o p l e t  t r a j e c t o r i e s ,  mass and t e m p e r a t u r e  
h i s t o r i e s .  T h i s  i s  a c c o m p l i s h e d  by i n t e g r a t i n g  th e  d r o p l e t  
e q u a t i o n  o f  motion and the  h e a t  and the  mass t r a n s f e r  e q u a t i o n  
r e l a t i n g  the  d r o p l e t  t e m p e r a t u r e  and s i z e .  The v e l o c i t y ,  
p r e s s u r e  and t e m p e ra tu re  f i e l d  o f  the  g a s  a r e  used  i n  t h e s e  
c a l c u l a t i o n s
The e q u a t i o n  o f  motion o f  a d r o p l e t ,  a c c o r d i n g  to  N ew ton 's  law  
o f  m otion ,  i s  g i v e n  by
md f t  = CD p(U-v)  |U-v| 2~ + mdg (1)
Where
CD i s  the  d r a g  c o e f f i c i e n t  
v i s  th e  d r o p l e t  v e l o c i t y  
U i s  th e  g a s  v e l o c i t y  
mj i s  the  mass o f  the  d r o p l e t  
A^ i s  th e  d r o p l e t  p r o j e c t i o n  a r e a  
g i s  the  g r a v i t y  v e c t o r
The o t h e r  terms c o n t r i b u t i n g  t o  the aerodynam ic  f o r c e s  on the  
d r o p l e t  a r e  n e g l e c t e d .
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The d r a g  c o e f f i c i e n t  f o r  a d r o p l e t  depends p r i m a r i l y  on the  
R e y n o ld s  number b a s e d  on the  g a s - d r o p l e t  r e l a t i v e  v e l o c i t y :
|U-v| d
Re p     KA)
where d i s  the  d r o p l e t  d i a m e t e r  and p i s  th e  v i s c o s i t y  o f  th e  
g a s .  F o r  a n o n e v a p o r a t i v e  d r o p l e t ,  the d r a g  c o e f f i c i e n t  can 
be r e p r e s e n t e d  r e a s o n a b l e  w e l l  by [63] :
Do (■ fr ( 1+0  . 16 6 7 R e 2/3) f o r R e < 1 0 0 0 (3)
CQ « 0 . 4 2  for R e > 1000
E v a p o r a t i o n  can r e d u c e  th e  d r a g  c o e f f i c i e n t  due lo-mass f l u x  from 
th e  s u r f a c e ,  f o r  which  M a f f a t  and P e r i c l e o u s  [63] s u g g e s t e d  
th e  f o l l o w i n g  c o r r e c t i o n :
C
C = (4)
D 1  +  B
Where B i s  th e  t r a n s f e r  c o e f f i c i e n t  ( S p a l d i n g  nu m be r) , 
g i v e n  by
AT
B = C —r  (5)v L
w it h  Cv b e i n g  th e  s p e c i f i c  h e a t  o f  the  d i f f u s i n g  v a p o u r ,  AT
th e  t e m p e r a t u r e  d i f f e r e n c e ,  and L, the l a t e n t  h e a t  o f
e v a p o r i z a t i o n ,  The S p a l d i n g  number i s  s i g n i f i c a n t  f o r  b u r n in g  
f u e l  d r o p l e t s  b u t  i s  g e n e r a l l y  s m a l l  compared to  u n i t y  f o r  an 
e v a p o r a t i n g  d r o p l e t  [ 5 2 ] .
T a te  [ 3 1 ]  , how ever ,  r e p o r t e d  t h a t  Ingebo s u g g e s t e d  t h a t  f o r  a
com bu st in g  d r o p l e t  th e  d r a g  c o e f f i c i e n t  may be d e te rm in e d  from
the  e q u a t i o n
C = 1 3  . 5 / R °  ' 84 6 < R e < 4 0 0d e
C l i f t  e t . a l .  [69] g i v e s  d ra g  c o e f f i c i e n t  o f  s p h e r e  i n  much more 
d e t a i l .  In  t h i s  model o n l y  th e  above c o r r e l a t i o n s  a r e  to  be
used  w i t h o u t  i n t r o d u c i n g  th e  c o r r e c t i o n  o f  th e  d r a g
c o e f f i c i e n t ,  (B) .
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R e w r i t i n g  t h e  a b o v e  e q u a t i o n  f o r  d r o p l e t  m o t i o n ,  l e a d  t o
dv _ f ! 8  p. f j
d t  I ,2
P
(U-v) + g (6)
w h e re :  f  = CDRe/24
and pJ i s  th e  d e n s i t y  o f  the  d r o p l e t  s u b s t a n c e .d
I n t e g r a t i n g  th e  e q u a t i o n ,  assuming th e  g a s  v e l o c i t y  i s  
c o n s t a n t  o v e r  th e  t im e o f  i n t e g r a t i o n ,  y i e l d s  [ 5 2 , 6 3 ]  :
v  = U -  (U-v ) eo (7)
where v  i s  th e  i n i t i a l  d r o p l e t  v e l o c i t y ,  At i s  th e  t im eO
i n t e r v a l ,  and r  i s  th e  c h a r a c t e r i s t i c  t im e d e f i n e d  by
Pd d2
T  =  - j f - j j -  ( 8 )
A f t e r  d e t e r m i n i n g  th e  new d r o p l e t  v e l o c i t y  a t  t ime At,  th e  
d r o p l e t  p o s i t i o n  a t  t im e At i s  d eterm in e d  from
where x j  „ i s  th e  d r o p l e ta, 0
t im e in c r e m e n t .
The p a r t i c l e  mass and te m p e r a t u r e  a r e  c a l c u l a t e d  a c c o r d i n g  to  
i t s  c om bust ion  p r o p e r t i e s .  For  b l a c k  l i q u o r  t h e s e  a r e  
d e s c r i b e d  i n  s e c t i o n  3 . 3 .  Between each  movement o f  a 
p a r t i c l e ,  t h e  amount o f  m o i s t u r e  e v a p o r a t e d ,  v o l a t i l e  m a t t e r  
d e v o l a t i l i s e d  c h a r  r e d u c t i o n  and the  a s s o c i a t e d  h e a t  a r e  
r e c o r d e d .  These v a l u e s  a r e  accum u lated  and s t o r e d  f o r  each  
c o m p u t a t i o n a l  c e l l  f o r  the  p u rp o se  o f  e v a l u a t i o n  o f  th e  
p a r t i c l e  s o u r c e  t e r m s .
x  + (v+v ) (9)d, 0 0 2
p o s i t i o n  a t  th e  b e g i n n i n g  o f  th e
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3 . 5  THE PARTICLE SOURCE TERMS
The b a s i c  p r i n c i p l e  o f  the  P S I - C e l l  t e c h n iq u e  i s  r e g a r d i n g  th e  
d r o p l e t s  a s  s o u r c e s  o f  m ass ,  momentum, and e n e r g y  to  th e  
c a r r i e r  g a s e o u s  p h a s e .  The s o u r c e  terms a r e  c o n s i d e r e d  f o r  
each  c o m p u t a t i o n a l  c e l l .  T h i s  i s  b e c a u s e  the  g a s  p h ase  
c a l c u l a t i o n  i s  done by th e  f i x e d  frame ap p ro a ch  as  d i s c u s s e d  
i n  s e c t i o n  2 . 1 1 .  D e t e r m i n a t i o n  o f  such s o u r c e s  a r e  a s  f o l l o w :
i) The mass source term is the rate of mass transfer from
the droplets to the gas phase.
The mass source of each component, i.e. moisture, volatile 
matter (designated by subscrip i) of a particle in a cell where 
it took n steps from entering until leaving the cell is
™ i , c e l l  “  ^ *mi*  c e i l  kU/sBlepa l
Where i s  the number o f  p a r t i c l e  f l o w  r a t e  o f  the
r e p r e s e n t a t i v e  p a r t i c l e  j ,  which i s  g i v e n  b y : q . = m. / m
3 3 P
Where m^  i s  the mass f lo w  r a t e  o f  a l l  the  p a r t i c l e  b e i n g
r e p r e s e n t e d  by p a r t i c l e  j  o f  mass m . Assuming s p h e r i c a l
AT
sh ap e ,  the  mass o f  a d r o p l e t  i s :  m =s o -  h 3
p H 6 p
Therefore, the mass source of mass m3 in the cell is
i
™s,j “ ^  (™ i,c e ll)
Hence, the total mass source term from all the particles which
pass through a cell is j
A . = E (™s i)s o u r c e ,  c e l l  <-J '
i i )  The momentum s o u r c e  term i s  the r a t e  o f  d e c r e a s e  i n  
momentum o f  the  p a r t i c l e .  Hence the  momentum s o u r c e  term o f  
th e  t r a j e c t o r y  j  i s
AM. = n. { (mv) . -  (mv) }j , c e l  1 j  i n  o u t  c e l l
Hence j
AM T AMs o u r c e , c e l l  i . c e l ln= 1
i i i )  The e n e r g y  s o u r c e  i s  the  r a t e  o f  e n t h a l p y  t r a n s f e r  
from th e  d ro p s  to  th e  g a s .  There  a r e  two s o u r c e s ,  l a t e n t  h e a t  
o f  e v a p o r a t i o n  o f  w a t e r  d u r i n g  the d r y i n g  p r o c e s s  and the
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e n t h a l p y  o f  combustion p o s s e s s e s  by th e  v o l a t i l e  m a t t e r  
e n t e r i n g  th e  g as  p h a s e .  The h e a t  o f  e v a p o r a t i o n  o f  the
m o i s t u r e  i s :
+  , a v a p  =  - 1 j  ( m „ 20 -  V j . c . l l
 ^ i s  ^ e  amount o f  w a te r  e v a p o r a t e d  from th e  d r o p l e t  j , kg
3
h L i s  the  l a t e n t  h e a t  o f  e v a p o r a t i o n ,  J / k g
The e n t h a l p y  o f  the  v o l a t i l e  m a t t e r  i s
^ j , v o l t  =  (ltlv o l t  H V . o l t ) J , c . X l
m v o i t  ds t o t a l  amount o f  p y r o l y s i s  and g a s i f i e r  g a s e s  from a 
d r o p l e t  j , kg 
HVvolt i s  th e  h e a t i n g  v a l u e  o f  the  g a s ,  J / k g
t h e r e f o r e ,  th e  e n t h a l p y  s o u r c e  term i s :
+ &
n= 1 2 n = l
Q = i  q  +  t  <3s o u r c e , c e l l  *■* j , H  0 ^  j , vo  1 1
3 . 6  THE PROGRAMMING STRUCTURE
A s e t  o f  programs was d e v e lo p e d  i n  o r d e r  t o  d e t e r m in e  the
p a r t i c l e  h i s t o r i e s  w i t h i n  th e  f l o w  domain a s  d e s c r i b e d  a b o v e .  
The program d e v e lo p e d  w i l l  not  s t a n d  a l o n e .  I t  i s  a
s u b - r o u t i n e  program module added to  the  main p r o c e s s o r ,  EARTH, 
o f  PHOENICS. T h e r e f o r e ,  the  a ttach m en t  o f  th e  program has  to 
be done under  the  c e r t a i n  r u l e s  which make i t  a c c e p t a b l e  to
th e  main program . These r u l e s  a r e  d e s c r i b e d  i n  th e  p a ck ag e  
manual [ 6 1 ] .  The programs were w r i t t e n  i n  FORTRAN 77 
l a n g u a g e ,  as  r e q u i r e d .  L i s t s  o f  the  program s s o u r c e  code a r e  
shown i n  Appendix  B . 2 .  The s t r u c t u r e  o f  th e  module i s  as
shown i n  F i g . 3 . 6 .
The module was d e v e lo p e d  so t h a t  i t  c o u ld  cope w i t h  two and 
t h r e e  d im e n s i o n a l  s i m u l a t i o n .  F l e x i b i l i t y  was c o n s i d e r e d  f o r  
e a s i l y  c h a n g in g  o f  some p a r a m e t e r s .  h ow ever ,  i t  was aimed f o r
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v o r t e x  f l o w  w i t h  c y l i n d r i c a l  p o l a r  c o o r d i n a t e  s y s t e m .  The 
s i z e  o f  th e  a r r a y  used  c o u ld  be a l t e r e d  f o r  the  a p p r o p r i a t e  
s i z e  o f  the  s i m u l a t i o n  and th e  computer s t o r a g e .  This i s  done 
by c h a n g in g  the  a p p r o p r i a t e  v a l u e  i n  the p a r a m e te r  d e c l a r e d  a t  
the  b e g i n n i n g  o f  each  s u b r o u t i n e :
PARAMETER (IXDIM=12)
PARAMETER (IYDIM=12)
PARAMETER (IZDIM=20)
PARAMETER (IPORT=30)
IXDIM, IYDIM, AND IZDIM a r e  th e  maximum a r r a y  i n  x ,  y ,  and z 
d i r e c t i o n  / r e s p e c t i v e l y .  They c o u ld  be a l t e r e d  to  meet the  
b i g g e r  g r i d  s i z e  s i m u l a t i o n .  IPORT i s  th e  p a r a m e te r  r e p r e s e n t s  
th e  maximum number o f  the  ' r e p r e s e n t a t i v e '  d r o p l e t ,  and c o u ld  
a l s o  be changed .  These  changes,  however ,  have  to  be done i n  
th e  ' s o u r c e  c o d e ' ,  t h e r e f o r e ,  th e  code h ave  t o  be r e - c o m p l i e d  
and r e - l i n k e d  to  the  main program .  The p a r a m e te r  i n v o l v e s  
b l a c k  l i q u o r  p r o p e r t i e s ,  th e  r e p r e s e n t a t i v e  d r o p l e t  
p a r a m e t e r s ,  and o t h e r  s i m u l a t i o n  c o n t r o l  p a r a m e t e r s  a r e  to  be
F i g  3 . 6  S t r u c t u r e  o f  t h e  p a r t i c l e  t r a c k i n g  p r o g r a m .
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v a r i e d  q u i t e  f r e q u e n t l y .  T h e r e f o r e ,  th e y  were d e s i g n e d  to  be 
p u t  i n  the  i n p u t  f i l e ,  Ql,  o f  th e  package  which was the  d i r e c t
and e a s i e s t  way f o r  a u s e r  to  s e t .  The r e s u l t s  o f  the
p a r t i c l e  h i s t o r i e s  were r e c o r d e d  i n  t e x t  f i l e s  'T R A J '  and 
1 VEL ' w h i l e  th e  i n p u t  i n f o r m a t i o n  o f  the  d r o p l e t s  were 
r e c o r d e d  i n  a f i l e  ' INDAT' .  More d e t a i l  o f  the  s u b - r o u t i n e  
program s a r e  e x p l a i n e d  i n  the  f o l l o w i n g  s e c t i o n s :
3 . 6 . 1  GROUND S u b r o u t in e
GROUND i s  a b la n k  opened s u b - r o u t i n e  a l r e a d y  p r o v i d e d  by the  
p a c k a g e .  I t  i s  f o r m a t t e d  i n t o  24 g roups  which a r e
c a l l e d .  - from the  main program. D e t a i l  o f  t h i s  r o u t i n e  i s  
d e s c r i b e d  i n  r e f e r e n c e  6 1 .  In  t h i s  module GROUND i s  
programmed t o  c a l c u l a t e  g a s  ph ase  t e m p e r a t u r e ,  d e n s i t y ,  and 
t u r b u l e n t  k i n e t i c  v i s c o s i t y .  The te m p e r a tu r e  and d e n s i t y  a r e  
c a l c u l a t e  a c c o r d i n g  to  the  i d e a l  g as  - law as  d i s c u s s e d
i n  s e c t i o n  3 . 3 . 3 .  The cod in g  i s  p l a c e d  i n  group 9 as  shown i n  
Appendix  B . 2 .  To promote sp eed  o f  c a l c u l a t i o n  th e  d i r e c t  
a c c e s s  to  th e  F - a r r a y ,  the  memory a d d r e s s  a l l o c a t e d  by EARTH, 
was u s e d .  Steam i n  the  m ix tu r e  may come from the  a t o m i z a t i o n
o r  e v a p o r i z a t i o n  and i t  i s  s o l v e d  as  an in d e p en d e n t  v a r i a b l e .
B e ca u se  the  com bust ion  p r o c e s s  was c o n s i d e r e d  to be m ix in g  
c o n t r o l ,  th e  f u e l  c o n c e n t r a t i o n ,  VOLT, was s o l v e d  as  an 
in d e p en d e n t  v a r i a b l e  as  w e l l  a s  the  f u e l  m ix tu r e  f r a c t i o n ,  
VLTF. T h e r e f o r e ,  the  gas  phase  com prised  s team ,  a i r ,  v o l a t i l e  
c o m b u s t ib le  g a s ,  and p r o d u c t s  o f  combustion as  i l l u s t r a t e d  i n  
F i g . 3 . 7 .  The c o n c e n t r a t i o n  o f  a i r  and p rod u cts  o f  com bust ion
F i g .  3 . 7  The c o m p o s i t i o n  o f  g a s  p h a s e .
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i n  a c o m p u t a t i o n a l  c e l l  were d e te r m in e d  from the  s im p le  s t e p  
com bust ion  c o n c e p t  as  f o l l o w :
1  kg FUEL + S t o i c  kg AIR ---------> ( 1 + S t o i c )  kg PRODUCTS
m . * (VLTF-VOLT) x  S t i o cair
m = 1 - - in , x - inp r o d  H 0 V o l t  A i r2
3 . 6 . 2  PARTGR S u b r o u t in e
PARTGR i s  th e  main program o f  t h i s  p a r t i c u l a r  s e t  o f  
s u b - r o u t i n e s .  It i s  a GROUND t y p e  program . Its t a s k s  a r e  to  
p r o v i d e  some e s s e n t i a l  i n f o r m a t i o n  and make the  a p p r o p r i a t e  
c a l l  to  PSICEL, th e  p a r t i c l e  movement r o u t i n e .  I n  group 1  
which i s  to  be c a l l e d  o n l y  once a t  the  b e g i n n i n g ,  th e  commands 
t o  open f i l e s ,  th e  commands CALL MAKE( . . . )  to  p r o v i d e  memory 
s t o r a g e  f o r  v a r i a b l e s  and th e  i n i t i a l i z a t i o n  o f  v a r i a b l e s  a r e  
made. The t r a n s f e r  o f  momentum, h e a t ,  and mass from, p a r t i c l e s  
t o  the g a s  phase  a r e  s e t  v i a  s o u r c e  term s i n  group 1 3 .  The 
s o u r c e  term s a r e  t h o s e  summarized i n  s e c t i o n  3 . 5  and the  
s o u r c e  o f  f u e l  g a s  b u r n t .  B e f o r e  p a r t i c l e  t r a c k i n g  r o u t i n e ,  
PSICEL, i s  c a l l e d ,  th e  g a s  p h a s e  v e l o c i t i e s  and t e m p e r a t u r e  
a r e  a l l o c a t e d  i n  th e  ' u s e r  d e c l a r e d '  t h r e e  d i m e n s i o n a l  
s t o r a g e .  T h i s  i s  done i n  group 1 9 .
3 . 6 . 3  PSICEL S u b r o u t in e
PSICEL i s  th e  h e a r t  o f  a l l  th e  s u b r o u t i n e s  i n  t h i s  module.  I t  
d e a l s  w i t h  the  p a r t i c l e  t r a c k i n g  and p a r t i c l e  com bust ion  
r o u t i n e .  P a r t i c l e  p o s i t i o n s  a s  w e l l  as  i t s  momentum, h e a t ,  
and mass t r a n s f e r  to  o r  from the  g a s  phase  i n  each  
c o m p u t a t i o n a l  c e l l  a r e  s t o r e d  i n  t h r e e  d im e n s i o n a l  s t o r a g e  
which a r e  t o  be u se d  i n  PARTGR s u b r o u t i n e .
The s u b r o u t i n e  was programmed i n t o  5 s e c t i o n s .  In  s e c t i o n  1  
the  v a r i a b l e  such as  s o u r c e  term s a r e  i n i t i a l i z e d .  The main 
DO-LOOP i s  opened and the  i n i t i a l  v a l u e s  o f  a p a r t i c l e  
v a r i a b l e s  such as  v e l o c i t i e s  t e m p e r a t u r e ,  drop s i z e ,  m o i s t u r e
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content, position in space, for example, are given. Section 2 
deals with particle movement and trajectory histories 
recorded. The time step of a particle movement (DPT) is 
preset in the input file, Ql. A particle is moved according 
to its initial conditions because the source terms must be 
determined for each computational cell. Therefore, a particle 
is not allowed.to pass through a cell in one movement, and at 
the cell boundary it is to move within a very small time step. 
This maximum time step cross a cell boundary (DTPM) is set in 
the Ql file. Fig.3.8 and 3.9 demonstrate these functions. In
Fig.3.8 Demonstration of a particle time step.
section 3, the new velocity components of the particle are 
determined according to its aerodynamic properties and time 
step as mathematically illustrated in section 3.4. The 
properties of the gas phase at the concerning drop position 
are assumed to be equal to the cell centre values of the cell 
which the droplet is in. At each movement the particle 
combustion is considered in section 4. The combustion model 
is that explained in the beginning of this chapter. The 
amount of moisture evaporated and the associated heat are 
accumulated as well as the amount of the volatile gases. If 
the particle moves across the cell boundary, the accumulated 
source terms in that cell are recorded in to the appropriate
57
S u b r o u t i n e  PSICEL Flow C h a r t
F i g .  3 . 9  F low d i a g r a m  o f  s u b r o u t i n e  PSICEL.
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three dimensional storage for further calculation in 
subroutine PARTGR. This involves in section 5 of the PSICEL 
subroutine. If the particle hits any wall, the program will 
stop consider this droplet and jumps to the end of the main 
DO-LOOP. If the particle has left the domain the program will 
also jump to the end of the main DO-LOOP and the next particle 
is to be considered if there is one. The flow chart of this 
sub-routine is demonstrated in Fig.3.9.
3.6.4 Auxiliary Subroutines
i) SETUP SETUP is called from PSICEL. It task is
to provide the relevant geometry dimensions of the simulation 
model used in PSICEL. It will be called only once, at the 
beginning, from PSICEL.
ii) PSIDAT Information of the particles, for example,
inlet position, number of the representative particle, drop 
size, mass flow rate, etc., are input via Q1 file. These data 
are to be transferred and stored into the recognized name used 
in PSICEL subroutine. This is the task of PSIDAT subroutine. 
It is called at the beginning of the subroutine PSICEL.
iii) LOCATE Positions of a particle are to be located
correspond to the finite domain of the gas phase. This occurs 
in every movement of a particle. Subroutine LOCATE provides 
this facility. In PSICEL subroutine a particle positions, 
because of the easiness, is calculated using the cartesian 
co-ordinate system. Its interactions with the gas phase, 
however, have to be considered for an individual computational 
cell. Therefore, the cell at which a particle is moving in 
must be identified. This is done by comparing the distances 
from the reference point of the particle with the distance 
from the reference point of the cells boundaries.
3.6.5 The Input File (Ql)
Q1 file is the 'user' input file of PHOENICS. It is divided 
into 24 groups. The input information has to be written in
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the Phoenics Input Language (PIL) [61] . The information is 
transformed to the input data file, EARDAT, for the main 
program, EARTH, by the preprocessor, SATELLITE. All the
information and data are set via this file. The typical Ql 
file is illustrated in Appendix C4.1.2. The vital settings 
concerning this particle tracing module are as follows:
Group 7 Variables
SOLVE{P1,Ul,VI,W1,KE,EP)
SOLVE(VOLT,VLTF,HEAT,H20)
. STORE(AIR,PROD)
Group 9 Properties
TMP1=GRND;RH01=GRND 
Group 13 Source Term.
Momentum and Enthalpy
PATCH(PSIMOM,CELL,IXF,IXL,IYF,IYL,IZF,IZL,1,1)
COVAL(P SIMOM,Ul,FIXFLU,GRND); etc.
COVAL(P SIMOM,HEAT,FIXFLU,GRND)
Mass & Concentrations
PATCH(PSIMAS,CELL,IXF,IXL,IYF,IYL,IZF,IZL,1,1)
COVAL(PSIMAS,Pl,FIXFLU,GRND)
COVAL(PSIMAS,H20,0NLYMS,GRND); etc.
Gas phase combustion
PATCH(GASCOMB,CELL,IXF,IXL,IYF,IYL,IZF,IZL,1,1)
COVAL(GASCOMB,VOLT,FIXFLU' ,GRND)
Group 19
NAMGRD=PART 
Set the appropriate values of RG(..):
RG(11-20) PSICEL control parameters 
RG(21-29) General information 
RG(30-50) Black liquor properties 
RG(51-70) Gas phase combustion properties 
RG(100-900) The representative droplet inlet
information. Ten spaces of RG ( ) for a drop, therefore, 80
representatives could be simulated. However, these storage 
size can be altered by changing the allocated storage 
COMMON/LGRND/..... /RG(...)/.. in both GROUND and SATLIT.
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CHAPTER 4
C O M P U T ATIONAL SIMULATION
4.1 INTRODUCTION
This chapter involves the simulation of vortex combustion by 
the computational fluid dynamic package quoted in chapter 2. 
The simulations were divided into four main steps as follow:
1) Selection of a suitable turbulence model.
2) Simulation of natural gas combustion.
V \
3) Test of the particle tracking program.
4) Simulation of black liquor combustion.
4.2 VERIFICATION OF THE TURBULENCE MODEL
As mentioned previously in section 2.10.4, when simulating a 
turbulent flow, the turbulence model has to be specified. In
order to achieve a good predictable results care must be taken 
in selection of this model. In this section, a suitable 
turbulence model for vortex flow has to be selected. This was
done by simulation of a particular flow model with various
turbulence models and compared the results with the
experimental data.
4.2.1 Experimental Data for the Vortex Flows
The experimental data used in this simulation were extracted 
from the previous study of Tate [31]. One of the objects of 
his work was to observe the air flow through a model vortex 
incinerator. This model was 400 mm in diameter, 130 mm in 
length, with the exit pipe being 100 mm in diameter. There
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were two tangential air inlets, opposite to each other, at the 
peripheral of the' can. The inlet slots lay along the length 
of the can, just as in the experimental combustor used for 
this research. In Inis experiments, Tate measured the
velocity components at various - points by means of a
sophisticated five hole pitot tube.
4.2.3 Turbulence Model
The turbulence models considered in this study were those 
facilitated in PHOENICS. A literature survey, summarized in 
Table 2.3 of chapter 2, illustrated that k-e and k-1 were the 
most popular models, however, Pericleous [66] suggests the
Prandtl Mixing Length model for ? cyclonic flow. Thus three 
models were to be considered. The details of these three 
model were shown in section 2.10.4 of chapter 2.
4.2.4 The Simulation
Because the system may be considered as a symmetrical one, the 
computational time could be much reduced by simulating only 
half of the system [59]. Thus a 3-dimensional polar coordinate 
system of grid size of 8x10x12 was used. The porosity 
function was applied to block the cell around the exit pipe. 
The length scale of the k-1 and Prandtl model used the
fixed value of D/30 as suggested by Pericleous [66] , where D 
was the diameter of the can.
The simulation information was as follow:
One phase, 3-D, Steady State, Polar coordinate 8x10x12,
Mass flow rate = 5.04134xlO-2 kg/s (400 lb/hr)
Tangential vel = 11.13 m/s
Exit pressure = 0.0 Pa gauge
The typical input file, Q1, was shown in appendix Cl.l.
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A t  d L i r r x e r x s i o r x l e s s  l e n g t t x  o f  0 . 5
Fig.
D im e n s io n le s s  r a d i u s
(a) Tangential velocities VS. Dimensionless radius.
D im e n s io n le s s  r a d i u s
(b) Radial velocities VS. Dimensionless radius.
D im e n s io n le s s  r a d iu s
(c) Axial velocitis VS. Dimensionless radius.
4.1 Comparison of the three velocity components from 
experimental data and those calculated from the 
Prandtl Mixing Length, k-1, and ke turbulence model.
4 . 2 . 5  R e s u l t s
The calculated velocity components of the three turbulence 
models as well as the experimental data are tabulated in 
Appendix Cl.2. The values at the plane half length of the 
cylinder are graphically illustrated in Fig.4.1 <a-c). From
these graphs it clearly be seen that the Prandtl mixing length 
model gave the best prediction. To conclude these comparisons 
in quantitative terms, velocity ratio was considered. The 
ratio of each velocity component determined from the three 
turbulence models and the corresponding velocity from the 
experimental data were calculated. The results were tabulated 
in Appendix Cl.3 and the average results were summarized and 
shown in Table 4.1. The closer to unity of the ratio 
indicates the closeness to the experimental data. It can be 
concluded that the Prandtl mixing length model gave the 
closest prediction for all three velocity components. The k-1 
model gave closer prediction than the k-£ model. Hence, the 
Prandtl mixing length turbulent model was to be used in all 
the simulation of the flow in vortex incinerator.
Table 4.1 Summary" of the average ratio of each of the
- velocity components calculated from the three
turbulence models and the experimental data.
Plane Tangential vel. Radial 'vel. Axial vel.
Pt k-1 ke Pt k-1 ke Pt k-1 k£
1/3L
1/2L
3/4L
0.80
0.83
0.79
0.79
0.77
0.71
0.37
0.38
0.38
0.04
0.55
0.91
0.08
-0.11
0.48
0.06
-0.16
0.22
1.36 -0.01 -0.10 
0.63 -0.17 -0.34 
0.14 -3.03 -2.97
Avg. 0.81 0.76 0.38 0.50 0.15 0.04 0.71 -1.07 -1.14
4.3 SIMULATION OF NATURAL GAS COMBUSTION
The aim of this simulation was to use the built-in facilities 
of PHOENICS in simple combustion simulations which would apply
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to vortex combustion. The combustor used in this simulation 
was an existing vortex combustor used in the experiments 
explained in chapter 5 and 6. A Summary of the dimensions 
were as follow:
Combustion chamber length [CL] 0.655 m
diameter[CD] 0.504 m
Exhaust pipe: diameter[EHD] 0.152 m
length [EHL] 0.20 m
Air inlet slot: length 0 .655 m
width 0. 020 m
Pilot gas position from axis 0.2183 m
The simulation was simplified as schematically shown in 
Fig. 4.2. From the physical point of view it can not be 
regarded as symmetry at any axis. Therefore the full volume 
simulation was set. The computational grids size
T a n g e n t i a l  A i r  1
| «  CL ----------------------------------- » | <-------  E H L  > |
Fig. 4.2 Diagram shows the natural gas combustion simulation.
of 16x12x11 (x,y,z) in cylindrical polar coordinate system
were used. The x-direction represent the angular position 
while y and z represent radial and axial positions, 
respectively. The grids in x-direction were of equal spacing. 
Six grids were equally spaced from the axis up to the exhaust 
pipe radius and the other six were in the remaining space. In
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the z-direction eight grids were divided inside the combustion 
chamber and the other three inside the exhaust pipe, the grid 
arrangement being illustrated in Fig.4.3.The porosity function 
was used to block the impermeable area around the outer 
exhaust pipe. The firing conditions were set at: 42 kW heat 
input, 20% excess air and 10% primary air. The corresponded 
mass flow rates being:
Natural gas flow rate = 8 ^ 2091x10 ~4 kg/s
Primary air ss 1.6983xl0~3 kg/s
Secondary air flow rate ss 1.5285xl0~2 kg/s
4.3.1 The Computational Setup
The flow was considered as a single-phase, three dimensional, 
steady state flow with chemical reaction. It was assumed to 
be an adiabatic system, i.e. no heat transfer through the 
walls. As the result of the author's previous investigation, 
the Prandtl Mixing Length turbulence model was used. The 
combustion process employed the simple chemical reaction 
scheme (SCRS) model [61] in which fuel and oxidant are 
presumed to combine in a single step to form a product, viz. 
FUEL + OXIDANT -------* PRODUCT
The rate at which the FUEL is consumed was determined by using 
the eddy-break-up reaction-rate [61]:
P m .^oxid, £ in , = m m  [ f u  —-— <— ] -
f u , b u  stoic k
These are the same principle as shown in section 2.3.3. The 
fluid was assumed to be ideal gas and its temperature and 
density were calculated from the ideal gas law. Temperature 
was determined from the stagnant enthalpy concept, i.e.:
T = (h - in H )/Cf  U f  U p
Where:
h = Stagnant (total) enthalpy J/kg ,mi x
in = Mass fraction of fuel in the cell kg /kg .f u  f u  mi x
H *3 Heating value of the fuel J/kg„f u  • f u
C = Spec, heat of the mixture J/kg Kp mi x
= C j, n i + C  m + C mp , f u  f u  P , o x  o x  p , p r  p r
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Fig. 4.3 The grid arrangement of the natural gas combustion simulation.
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Fig. 4.4 The velocity vector of the natural gas combustion simulation.
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Fig. 4.5 The temperature contour of the natural gas combustion simulation.
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Where P and T are absolute pressure and temperature of the
gas, respectively. R is the universal gas constant and has
the value of 8314.3 J/kg~K. M is the molecular weight of the 
gas, calculated from:
- in m m
— u -to o x p r
M M, M Mf  u o x  p r
The input data, Ql file, is shown in Appendix C2.1.
4.3.2 The Computational Results
The computation needed about 1000 sweeps from the start to 
come to a solution. Each sweep took about 7.7 minutes. 
Hence, the computer running time was about 128 hours. The 
resultant data were illustrated in Appendix C2.2. Fig.4.4 
shows the velocity vector of the flow field at the vertical 
plane and of the combustion chamber. Fig. 4,5 shows 
temperature contour of the vertical plane. The temperature is 
in degree Celcius. Fig.4.6 shows the comparison of the three 
velocity components between the vertical and horizontal plane.
4.3.3 Two Dimensional Simulation Approach
The result from the previous simulation illustrates that it 
required about 130 hours for the full volume simulation. Thus 
it is a very time consuming simulation indeed. With more 
parameters solved, an even longer running time is expected. 
The computational time can be greatly reduced if a two 
dimensional simulation would give acceptable results. Fig.
4.6 shows that there were no significant differences of the 
velocity vectors in the vertical and horizontal plane of the 
combustor. Hence, it was obvious that this scheme can be 
used.-
This simulation was designed to verify whether a two 
dimensional simulation will give a relatively close result to
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the three dimensional one. The set up was almost the same as 
the former simulation. The difference was only a sector with 
a size of 1/16 of the whole volume was to be considered. 
Therefore, only 1/16 of the flows were enter the computational 
domain. One grid in angular direction (x) was used with the 
same grid size in y and z direction, i.e. the grid used was 
1x12x11. Although, there was no flow through x-direction but 
the angular velocity could be determined. Therefore, the 
three velocity components were solved.
The computational results were also shown in Appendix C2.2 for 
comparison with the three dimensional ones. The three 
velocity components were compared with those in the vertical 
plane of the three dimensional simulation as illustrated in 
Fig.4.7. The two dimensional has only half (one side) in the 
radius direction. Its image was extended to the other side 
for full comparison. The percentage difference between the 
velocity components of the three and two dimensional 
simulation were illustrated in the same Appendix. The average 
percentage difference in tangential velocity, radial velocity 
axial velocity and temperature were 40.1, 44.6, 13.9, and 6.6, 
respectively. It could be concluded that the two dimensional 
simulation would give acceptable results, in some degree, 
compare to the three dimensional one. With this simulation 
the computational time reduced to 22 second per sweep which 
was about 21 times faster than the three dimensional 
simulation. Hence, only 6 hours instead of 128 hours are then 
required in the computation.
4 .4  TEST OF THE PARTICLE TRACKING PROGRAM
A set of sub-programs was developed to deal with particle 
tracking and combustion of black liquor, as explained in 
chapter 3. To verify whether the programs work without error, 
a series of simulations was set up. A two dimensional polar 
coordinate system was used to represent the combustor of 1.0 m 
long and 0.2 m in radius with angular width of rc/32 radian. 
Black liquor droplets of size 10, 20 and 30 jLtm were injected
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i n t o  th e  com bust ion  chamber a t  the  v e l o c i t y  o f  10 0  m/s w i t h  an 
a n g l e  o f  45 d e g r e e  to  the  h o r i z o n t a l .  N a t u r a l  g a s  and a i r  
were  i n t r o d u c e d  a t  the  l e f t  end and t h e  r i g h t  end was th e  
o p e n in g  e x i t .  The s c h e m a t ic  d iagram  o f  the  sy s tem  was 
i l l u s t r a t e d  by F i g . 4 . 8 .
F i g . 4 .8  S c h e m a t ic  d iagram  o f  the  s i m u l a t e d  model 
f o r  th e  p a r t i c l e  t r a c k i n g  program t e s t i n g .
The g r i d  s i z e  o f  1 x 4 x 6  was u sed  so  t h a t  l e s s  computer t ime was
consumed. A s e r i e s  o f  s i m u l a t i o n  was done as  f o l l o w s :
CASE 1  Gas p h ase  f l o w  f i e l d .
CASE 2 Gas p h ase  com bust ion .
CASE 3 I s o t h e r m a l  f l o w  f i e l d  w i t h  p a r t i c l e  f l o w ,  (w i th  
v a p o r i z a t i o n  and d e v o l a t i l i z a t i o n )
CASE 4 Combustion prob lem .  T h i s  c a s e  s i m u l a t e d  a f u l l y  
r e a l  a p p ro a ch ,  i . e .  com bust ion f l o w  f i e l d  o f  th e  g a s  p h ase  i n  
th e  p r e s e n t  o f  b l a c k  l i q u o r  p a r t i c l e  c om b u st ion .
RESULTS:
CASE 1  V e ry  s t a b l e  and f a s t  to  c o n v e r g e .  Hence, no
problem  w i t h  th e  a t tach m en t  o f  the  program to  th e  main
program , EARTH, o f  PHOENICS.
CASE 2 S t a b l e  and f a s t  t o  c o n v e r g e .  T h e r e f o r e ,  th e  g a s  
p h a s e  com bust ion  r o u t i n e  o f  the  program i s  a l l  r i g h t .
CASE 3 V ery  s t a b l e  and f a s t  to  c o n v e r g e .  The com p ar iso n  
between the  c o m p u t a t i o n a l  r e s u l t  from the  computer and
c a l c u l a t i o n  from th e  i n p u t - o u t p u t  a r e  shown i n  Appendix  C 3 . 1 .  
C o n s e q u e n t l y ,  i t  can  be c on c lu d ed  t h a t  th e  t r a n s a c t i o n  o f
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heat, mass, and momentum between the gas phase and the 
particle are correctly programmed.
CASE 4 This is the ultimate test. It includes every 
problem and parameter with which the program has been 
equipped. The summary, of the comparison is illustrated in 
Appendix C3.2. It could be concluded that the program is 
working well without any problems.
The errors of the results shown in Table C3.1 and C3.2 {~ <5%) 
were due to the preset tolerance in the computation i.e.
the computations were not 100% comverged. Hence, it could be 
concluded that the developed programs work without error and 
it can deal with the problem of black liquor particle
combustion.
4.5 BLACK LIQUOR COMBUSTION SIMULATION
The black liquor properties used in these simulation were
those discussed in chapter 3. Black liquor with concentration
of 65% dry solids was used throughout the simulations.
Further simplifications were made, as follows, temperature and
density of a black liquor particle during combustion depends
on its state i.e. drying, pyrolysis, or char combustion.
These values were those of RG (30) -RG (50) set in group 19 of
the Ql file. The setting were as follow:
STATE TEMPERATURE DIAMETER RATIO
°C D/Do
Drying 150 1.2
Pyrolysis 400 2.2
Char burning 600 2 .2
Ash 850 0.2
The firing conditions calculation were demonstrated in 
Appendix C4.1.1 and also were in group 1 of each Ql file.
The simulation started with the type of combustor used for the 
experiment which from now on will be called 'the Surrey unit'. 
The initial results gave suggestive ideas for later
modifications and simulations. This led to 'the Modified
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Surrey unit* which was used as the model of the second 
simulation series.
There is a scaled up version of the Surrey unit in operation 
at the Thai Polyphosphate (TPP), in Thailand. The combustor 
being rated at 5 MW and using kerosene or light fuel oil as a 
fuel. The comparison of the two units are as follows*.
ITEMS Surrey Unit TPP Unit
Chamber dia.,CD mm. 508 1292
Chamber length,CL mm. 655 1740
Slot width mm. 30 48
Flue dia.,EHD mm. 152 406
Slot area 2m 0.0262 0.167
Flue area 2m 0.0181 0.129
Chamber Volume 3m 0.1328 2.2812
This unit would also be considered in the following 
simulations. Again the suggestive ideas from the initial
results led to the modification of the combustor. The 
simulation of the modified version, the Modified TPP unit, was 
to be the last simulation series in this study.
4.5.1 Simulation Series no.1.(Surrey Unit)
The simulation were firstly explored using the vortex 
combustor used in the experiments as the model. The grid 
setting and other computational details were the same as those 
used in section 4.3.3 except the PSI-CELL mode settings were 
added in group 7, 9, 13, and 19 of the Q1 file as shown in
Appendix C4.1.2,. The simulation aimed to explore the effect of
the drop size and the initial velocity of black liquor. The 
spray was fixed at 60 degrees, i.e. 30 degrees from the
horizontal. The black liquor was sprayed from the axis, as 
shown in Fig. 4.9, with drop sizes of 1, 10, 20, 50, 100, and
T a n g e n t i a l  Air
*>
Fig.4.9 Surrey unit simulation diagram.
The simulation was isothermal with a fixed temperature of 
1400°C which is typical of the combustion zone in a 
conventional recovery furnace [9] . No supporting fuel and 
source terms were considered at this stage. It was assumed 
that the input black liquor was completely devolatilized and 
the produced gases represented the mass inlet at the atomizer. 
The firing conditions could then be determined from the heat 
input and the adiabatic flame temperature as shown in Appendix 
C4.1.1. The heat input was 100 kW. The typical input data, 
Ql file, was shown in Appendix C4.1.2. There were three runs, 
with different initial velocities of the black liquor 
particles in this series, the velocity being set to 30, 50 and 
100 m/s.
RESULTS: The particle trajectories history of each simulation
were illustrated in Appendix C4.1.3-C4.1.5. The projections 
of each trajectory were shown in Fig. 4.10-4.12 and the outlet
4conditions of each particle were summarized in Table 4.2.
Table 4.2 Summary of the outlet conditions of the particles 
--------- of SIMULATION SERIES N0.1
Total Frac. of its original last
no. Dia. time   vel. position
pm sec. H20 Volatile Char m/s
Simulation #1: Initial velocity 30 m/s
1 1 0.0906 0.0 0.8462 1.0 4.1 *
2 10 0.0879 0.0 0.8515 1.0 4.1 *
3 20 0.0956 0.0 0.8383 1.0 4.1 *
4 50 0.1512 0.0 0.7520 1.0 4.1 *
5 100 10.9388 0.0 0.0000 0.0 3.24 ?
6 200 0.0188 0.0 0.9800 1.0 13.69 j
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no. Dia.
pm
Total 
time 
sec.
Frac. of its original last 
vel. 
m/s
position
H20 Volatile Char
Simulation #2: Initial velocity 50 m/s
1 1 0.0694 0.0 0.. 8 8 2 7 1.0' 10.84 *
2 10 0.0806 0.0 0.8634 1.0 10.62 *
3 20 0.0869 0.0 0.8528 1.0 10.62 *
4 50 5.2813 0.0 0.0000 *1.0 10.45 *
5 100 11.0175 0.0 0.0000 0.0 2.96 ■?
6 200 0.0113 0.0 0.9917 1.0 33.75 i
Simulation #3; Initial velocity 100 m/s
1 1 0.0813 0.0 0.8623 1.0 10.73 *
2 10 0.0931 0.0 0.8422 1.0 10.53 *
3 20 5.6031 0.0 0.0000 1.0 . 5.07 ?
4 50 6.9944 0.0 0,0000 0.9807 3.55 ?
5 100 0.0081 0.0 0.9898 1.0 23.00 i
6 200 0.0050 0.0 1.0000 1.0 88.82 i
i hit a wall; * leave the exit;
? in an orbit, tracking stop at max. setting step (250)
4.5.2 Simulation Series no.2 (Modified Surrey Unit)
The previous series of simulations suggested that there was 
not a long enough residence time for black liquor drops to 
complete their combustion. Xn the second series of
simulations, modifications to the original vortex combustor 
were made by extending its length to three times the original, 
as illustrated in Fig. 4.13. The grid size used were altered 
only in the z-direction (along the length). Fifteen grids 
were distributed in the combustor and the other two for the 
exhaust pipe. The firing conditions were kept the same as the 
previous simulation with droplet initial velocity of 30 m/s. 
Therefore, the input file, Ql, would be changed from the 
previous simulation only in group 4 and 13 where appropriate 
due to the change of the z-dimension and grid size. These 
were demonstrated in Appendix C4.2.1. The three modelling in 
this series and their results are as follows:
79
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R
CL CL
Fig.4.13 Diagram of the modified Surrey unit.
SIMULATION #1 The tangential air inlet lie along only a third 
of the overall combustor length. This idea was based on using 
the old unit and then adding on a cylinder for the extended 
combustion chamber. Reducing the gaseous velocity might also 
reduce the particle velocity and hence lengthen the residence 
time. The exhaust pipe diameter was increased to one half of 
the combustor diameter (original 1/3) for this purpose.
The simulation results were summarized in Table 4.3 and 
plotted in Fig 4.14. The full numerical data were shown in 
Appendix C4.2.2.
SIMULATION #2 The previous results showed that strong 
inwardly flow i.e. negative radial velocity is essential to 
keep the particles away from the walls, especially from the 
middle to the end, of the combustion chamber. This flow field 
might be created by having the tangential air lie along the 
entire length of the combustor. The simulation conditions of 
this modelling was the same as those of the previous except 
the tangential air inlet was lie along the entire length of 
the combustor.
The simulation results were summarized in Table 4.3 and 
plotted in Fig 4.15. It showed even worse effect. The full 
numerical data were shown in Appendix 4.2.3.
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SIMULATION #3 The exhaust pipe diameter was reduced to a
third of the combustor diameter as the original design so that 
this might increase the magnitude of the negative radial 
velocity. The' tangential air inlet was kept the same as
simulation #2.
The simulation results were summarized in Table 4.3 and
plotted in Fig 4.16. The full numerical data were shown in
Appendix C4.2.4. As far as particle trajectory was concerned, 
this model did not give better effects than the first 
simulation. It was concluded here, that this model was 
not appropriate.
Table 4.3 Summary of the final conditions of the particles in 
--------- SIMULATION SERIES NO.2 [modified Surrey unit]
Total Frac. of its original last
no. Dia. time----------------------— — • vel. position
pm sec. H20 Volatile Char m/s
Simulation #1: Tangential air = 1/3 length; EHD=CD/2
1 20 5.2113 0.0 0.0000 1.0 3.76 ?
2 50 0.2474 0»0 0.6222 1.0 3.36 I
3 80 0.2314 0.0 0.6523 1.0 6.16 1
4 100 0.1781 0.0 0.2159 1.0 7.74 !
5 150 0.0394 0.0 0.9471 1.0 6.12 !
6 200 0.0188 0.0 0.9812 1.0 17.58 I
Simulation #2: Tangential air = full length; EHD=CD/2
1 20 0.3300 0.0 0.5264 1.0 6.66 !
2 50 0.3887 0.0 0.4696 1.0 6.66 1
3 80 0.2712 0.0 0.5939 1.0 5.84 1
4 100 0.2119 0.0 0.6693 1.0 5.56 1
5 150 0.0406 0.0 0.9447 1.0 6.13 1
6 200 0.0181 0.0 0.9821 1.0 16.51 !
Simulation #3: Tangential air = full length; EHD=CD/3
1 20 3.0169 0.0 0.0025 1.0 5.93 ?
2 50 0.4156 0.0 0.4450 1.0 5.26 !
3 80 0.3107 0.0 0.5492 1.0 5.72 1
4 100 0.2426 0.0 0.6481 1.0 5.16 !
5 150 0.0406 0.0 0.9445 1.0 5.47 I
6 200 0.0181 0.0 0.9819 1.0 16.82 1
! hit a wall; * leave the exit;
? in an orbit, tracking stop at max. setting step (250)
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4 . 5 . 3  S i m u l a t i o n  S e r i e s  n o . 3 (TPP U n i t )
The TPP unit was to be used in this simulation series. The 
input data file, Ql, could be easily modified from that of the 
Surrey unit simulation. Each of the dimensions was formerly 
represented by a parameter, therefore, the appropriate*' 
parameter values only needed changing. The firing load was 
set at 40% of the rated, i.e. 2 MW. The particle size 
concerned were 20, 50, 80, 100, 150, and 200 Jim. The initial 
velocity was fixed at 30 m/s but the spray angles were to be 
60, 90, and 120 degree in simulation #1, #2 and #3,
respectively. The others conditions were set the same as 
simulation series no.l, the Surrey unit.
RESULTS: Results of the three simulations were presented as
follows: The particle trajectories histories were shown in
Appendix C4.3.2-C4.3.4. The projection of the particle paths 
were illustrated by the dimensionless plots shown
in Fig.4.17-4.19. The summary of the final conditions of the 
particles were shown in Table 4.4.
The results indicated that the unit is not suitable for this 
purpose.
Table 4.4 Summary of the final conditions of the particles in 
--------- SIMULATION SERIES NO.3 [TPP unit].
Total Frac. of its original last
no. Dia. time   vel. position
/im sec. H2O Volatile Char m/s
Simulation #1: Spray angle = 60° (30° from horizontal)
1 20 0.1363 0.0 0.7806 1.0 0.0 I
2 50 0.1738 0.0 0.7354 1.0 0.0 !
3 80 0.3188 0.0 0.6483 1.0 0.0 !
4 100 0.3363 0.0 0.5671 1.0 0.0 !
5 150 5.5263 0.0 0.0000 1.0 11.67 ?
6 200 5.5563 0.0 0.0000 1.0 9.99 ?
Simulation #2: Spray angle = 90° (45° from horizontal)
1 20 0.1450 0.0 0.7666 1.0 24.03 *
2 50 0.2100 0.0 0.6740 1.0 0.0 !
3 80 0.3350 0.0 0.5665 1.0 0.0 !
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no. Dia. 
pm
Total 
time 
sec.
Frac. of its original last 
vel.
m/s
position
H20 Volatile Char
4 100 5.6213 0.0 0.0000 1.0 11.76 ?
5 150 5.4050 0.0 0.0000 1.0 10.02 ?
6 200 0.1013 0.0 0.8513 1.0 6.51 i
Simulation #3: Spray angle - 120° (60° from horizontal)
1 20 0.2563 0.0 0.6131 1.0 0.0 ; i
2 50 0.3150 0.0 0.5452 1.0 0.0 i j
3 80 0.4475 0.0 0.4995 1.0 .0.0 i i
4 100 5.5950 0.0 0.0000 1.0 10.02 *?
5 150 5.7338 0.0 0.0000 1.0 7.00 j
6 200 0.0388 0.0 0.9452 1.0 8.36 i
1 hit a wall; !! hit exhaust pipe wall; * leave the exit 
? in an orbit, tracking stop at max. setting step (250)
4.5.4 Simulation Series no.4 (Modified TPP Unit)
The previous simulation series indicated some suggestions. 
Particles size of 80-150 pm did not hit the chamber wall but 
only the back end and almost complete combustion was reached 
Extension of resident time might be achieved by extending the 
chamber and creating a recirculation zone. This recirculation 
could be achieved by simply introducing the exhaust pipe 
inside the combustion chamber. The modification of the Thai 
Polyphosphate (TPP) unit was made based on this idea. A 
quarter length of the chamber was added and the exhaust pipe 
was brougKt inside the extended chamber as shown in Fig. 4.20. 
Eight .grids in Z-direction were added for the extended 
chamber. Grid sizes were the same in x and y direction. 
Hence, the grid size is 1x12x18. The simulation conditions 
remained - the same as the last series and a simulation with 
spray angle of 30 degree was added into this series.
89
TANGENTIAL AIR INLET
Fig.4.20 The modified TPP unit.
RESULTS: Results of the four simulations were presented as
follow: The particle trajectories histories were shown in
Appendix C4.4.2-C4.4.5. The projection of the particle paths 
were illustrated by the dimensionless plotted fashion shown 
in Fig.4.21-4.24. The summary of the final condition of the 
particles were shown in Table 4.5.
Table 4.5 Summary of the final conditions of the particles in
SIMULATION SERIES NO.4 [Modified TPP unit].
Total Frac. of its original last
no. Dia. time vel. position
pm sec. H20 Volatile Char m/s
Simulation #1: Spray angle = 30° (15° from horizontal)
1 20 0.0875 0.0 0.8421 1.0 71.60 *
2 50 0.1100 0.0 0.8250 1.0 45.67 1 1
3 80 0.1143 0.0 0.8211 1.0 0.49 1 I
4 100 0.1250 0.0 0.8046 1.0 2.23 1 1
5 150 0.1385 0.0 0.7901 1.0 1.16 t 1 • •
6 200 0.4012 0.0 0.4792 1.0 5.65 1
Simulation #2: Spray angle = 60° (30° from horizontal)
1 20 0.1300 0.0 0.7904 1.0 5.56 1 1
2 50 0.1613 0.0 0.7439 1.0 46.61 *
3 80 0.2438 0.0 0.6818 1.0 0.0 J
4 100 0.5362 0.0 0.3603 1.0 6.21 1
5 150 0.6137 0.0 0.3020 1.0 5.77 1
6 200 0.8687 0.0 0.1810 1.0 5.62 j
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Total Frac. of its original last
no. Dia. time vel. position
pm sec. H20 Volatile Char m/s
Simulation #2: Spray angle = 60° (30° from horizontal)
1 20 0.1300 0.0 0.7904 1.0 5.56 i
2 50 0.1613 0.0 0.7439 1.0 46.61 A
3 80 0.2438 0.0 0.6818 ' 1.0 0.0
4 100 0.5362 0.0 0.3603 1.0 6.21
5 150 0.6137 0.0 0.3020 1.0 5.77
6 200 0.8687 0.0 0.1810 1.0 5.62
Simulation #3: Spray angle = 90° (45° from horizontal)
1 20 0.1485 0.0 0.7628 1.0 5.59
2 50 0.1888 0.0 0.7034 1.0 0.0
3 80 0.5600 0.0 0.3422 1.0 6.19
4 100 0.5712 0.0 0.3273 1.0 6.19
5 150 0.9237 0.0 0.1613 1.0 6.14
6 200 0.0838 0.0 0.8826 1.0 6.15
Simulation #4: Spray angle = 120° (60° from horizontal)
1 20 0.2313 0.0 0.6447 1.0 0.0
2 50 1.2400 0.0 0.0842 1.0 6.23
3 80 0.5850 0.0 0.3254 1.0 6.23
4 100 0.7750 0.0 0.2185 1.0 6.21
5 150 1.1837 0.0 0.0943 1.0 45.70 A
6 200 0.0437 0.0 0.9414 1.0 7.60 1
! hit a wall; !! hit exhaust pipe wall; * leave the exit 
? in an orbit, tracking stop at max. setting step (250)
i
4.6 CONCLUSIVE REMARKS ON BLACK LIQUOR SIMULATION
The computation exploration of black liquor vortex combustion 
system is discussed as follow;
4.6.1 The Surrey Unit Simulation
The simulation series began with the modelling of the Surrey 
unit, the vortex combustor used in the experimental work as 
shown in section 4.5.1. The firing conditions were set at 100 
kw heat input, 60° spray angle with particle sizes of 1, 10,
20, 50, 100, and 200 pm. The initial velocity of the droplets
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The particles trajectory histories were illustrated in 
Fig.4.10-4.12 and were tabulated in Appendix C4.1.3-c4.1.5 
whilst table 4.2 and Fig.4.25 illustrated the final volatile 
content of each particle. These results were discussed as 
follow: Particle of diameter 1 and 10 pm of all the three
initial velocities were sucked into the vortex core and left 
at the exit pipe within a very short period of time (about 10 
msec). As a result very small amounts of volatile matters were 
pyrolysed. About 85% remained in the black liquor droplets. 
The drops of diameter 200 jum on the other hand had just dried 
before they hit the combustion can wall. No further tracking 
after a drop hit a wall was attempted. The middle size drops 
tend to be carried by the gases to the end plate of the 
combustor where they were caught into orbits. Tracking 
stopped after 250 movements of a particle as preset. Axial 
velocity in the end plate region approached zero, arulas a
result the particles moved in x-y plane only. Only the case 
50 m/s and 50 pm (simulation #2)showed that after the particle 
had been caught in an orbit for a period of time it eventually 
moved into the vortex core and flowed out of the exit. This 
phenomenon was thought to be unrealistic. This may be because 
of the use of too coarse grid and no consideration of the 
behavior of particles near and at wall of the particle 
tracking program. According to Fig.4.10-4.12, it was obvious 
that the initial velocity has some effect on the trajectory of 
the particle of diameter 50 pm and bigger but not the smaller 
particle sizes.
4.6.2 The Modified Surrey Unit Simulation
Disregarding the case of a particle caught in an orbit, the 
Surrey unit model indicated that it could not foresee that 
changing any parameter would lead to complete burnout of 
any black liquor particle. Modification of the vortex chamber 
was then considered. Extension of the combustion chamber 
might give a more favourable result. Of course, the particle 
velocity will slow down to the gas velocity after a sufficient 
period of time. The length of which depends on the' initial
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remained in each drop of the simulation series 
no.l, the Surrey unit.
Modified Surrey unit simulation
Initial particle diameter, micron
4.26 Fraction of the original volatile content 
remained in each drop of the simulation series 
no.2 , the modified Surrey unit..
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drop size and velocity. Hence, lengthening the combustion 
chamber will cause the particles to move more slowly and as a 
result, increase the residence time. Increasing the exhaust 
pipe diameter would also decrease the gas velocity near and at 
the exit.
With the above ideas the simulation series no. 2 (section 
4.5.2) was introduced. The combustion chamber was extended to 
three times of the original length, firing conditions being 
kept the same. In the first model, the tangential air inlet 
was only a third of the combustor length (see Fig.4.13). This 
was considered for practical point of view that just a 
cylinder is needed to be added on to the existing combustor. 
In this model the exit pipe diameter was increased to a half 
of the combustion chamber diameter to reduce the exit 
velocity. Black liquor particles concerned were of the size 
20, 50, 80, 100, 150, and 200 pm. The spray angle and initial 
velocity were set at 60° and 30 m/s, respectively.
The particle trajectories are illustrated by Fig.4.14 and 
their final conditions are shown in Table 4.3 and demonstrated 
by Fig.4.26. Compared to the previous simulations, the final 
condition of the particle size less than 100 pm showed an 
improving trend but was still not satisfactory. The 20 pm 
drop was caught up in an orbit while the particle size of 
50-100 pm hit walls with about 60% of the volatile materials 
remained. Particles of sizes of 150 and 200 pm hit the chamber 
wall within a short period of time, almost all of the 
volatiles still remaining. It was concluded that the inward 
flow velocity was not strong enough to push the particle away 
from the chamber wall. Therefore, in the following
simulation, the tangential air inlet was applied along the 
entire length of the chamber in order to promote negative 
radial velocity at the down stream. The situation was worse 
compared to. the former one. The particles hit the chamber 
wall even nearer. In the third simulation, the exit pipe 
diameter was reduced to a third of the combustion chamber as 
the original design. The final conditions of the particles
98
were improved but still just as good as the first model.
Varying of spray angle and exit pipe diameter might improve 
the results. But no further simulation was considered for
this model. The summarized final volatile content of the
particles in these simulation was shown in Fig. 4.26.
4.6.3 The TPP Model Simulation
It can be concluded, from the previous simulations, that the 
diameter and the length of the combustion chamber are
important. If they are too small as in this case, the
particles has very less time to loose its momentum. As a
result they hit a wall before completing their burning process. 
In the following series of simulation the Thai Polyphosphate 
(TPP) unit was used as the model. This unit is a scale up of 
the one at the University of Surrey that was used in the 
combustion trial by the author. This unit is about two and a
half time bigger in both diameter and length than the Surrey
unit.
In this series of simulations the particle sizes concerned
were the same as those in the previous simulation i.e., 20, 
50, 80, 100, 150, and 200 pm. The spray angle was set at 60, 
90, and 120 degree and the initial velocity of the particles 
were fixed at 30 m/s. The firing rate was set at 40% of that 
rated i.e., 2 MW. Again an isothermal flow field of 1400°C
was set. The particle trajectories are illustrated by
Fig.4.17-4.19. The final volatile content of each drop size 
and spray angle is tabulated, in Table 4.4 and illustrated by 
Fig.4.27. The results were discussed together as follows;
Ata spray angle of. 60° (simulation #1) , the initial particle 
sizes of 100 pm and less, left the exhaust pipe with the
remaining volatile matter of about 56-78% of its original. 
The 150 and 200 pm initial diameter particles were caught in
orbits near the end plate of the combustion chamber. The
tracking was terminated after 250 movements as preset in the 
Ql file. At the end of these steps the particles had just 
finished pyrolysis.
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Simulation with spray angle of 90° and 120°, simulation #2 and 
#3, gave a similar pattern of particle trajectory. Particles 
of initial diameter 20 pm left the exit with high volatile 
content (77 and 61%) . The 50 and 80 pm initial diameter 
hit the back end plate. The tracking stopped as it was 
instructed by the program. The particles contained about 
50-60% of their original volatile matter. The 100 and 150 pm 
initial particles were caught in orbits near the end plate. 
Particle size of 200 pm. initial diameters hit the chamber wall 
with . remaining volatiies of 85-95% of their original.
The spray angle of 120° introduced particles of the same
size into the higher radius than the 90° spray angle. With 
exception of the 200 pm initial diameter particle, this lead 
to longer residence time (56.6, 33.3 and 25.1% for particle
size 20, 50 and 80 pm, respectively). Consequently, more
volatile matter was pyrolysed, i.e., less volatile remained in 
the particles (25.0, 23.6, and 13.4% less for particle size
20, 50 and 80 pm respectively). Particles of 100 and 150 pm 
could not be compared because they had been caught in orbits. 
For the particle of initial diameter of 200 pm spray angle of 
60° gave the best results i.e., caught in an orbit at the back 
end rather than hit the chamber wall, with a much shorter 
distance as for the other two cases.
Discarding the effect of being caught up in an orbit, the best 
combustion was given by the particle of initial diameter 
150 pm with 120° spray angle. Before it caught up in an orbit 
its remaining volatile content was only 20.6 % of it’s
original.
4.6.4 The Modified TPP Unit Simulation
The TPP model gave a very good trend. More than a half of the
volatile matters could be pyrolysed from the initial particle
size of 50-200 pm depend on their spray angles. Extension of
the combustor length does not improve the trajectory of the
particle as shown in the former model. The trajectory♦
h i s t o r i e s  o f  t h e  p a r t i c l e s  o f  t h i s  s i m u l a t i o n  show t h a t  m o s t
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of the particles had lost their initial momentum and were 
carried over by the gases before they reachedthe second half of
the combustion chamber. This is shown by Fig. 4.28, the plot 
of the particle velocities versus the dimensionless length of 
the simulation no.2 ( 90° spray angle).
TPP v a it stnmhttioa n o j
Dimensionless length
Fig. 4.28 Illustration of particle velocities 
of TPP model simulation no.2.
Further extension of the combustor length might work. 
Besides, more residence time might be achieved by creation of 
a recirculation region. These ideas led to the modified model 
of the TPP model as described in section 4.5.4, one quarter of 
the chamber length being extended. Recirculation zones were 
created by inserting the exhaust pipe into the chamber equal 
to it's extended length. The model is demonstrated by 
Fig.4.20. 1
The same conditions were set in a later series. To make it 
more clear, a simulation with spray angle of 30 degree was 
added to the series. The summary results-are shown by Table
4.5 and Fig.4.29 whilst the particle trajectories are 
illustrated by Fig.4.21-4.24.
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With spray angle of 30 degree (simulation #1), there were some 
signs of improvement. The particle of initial diameter 200 pm 
traveled into the recirculation zone. This indicated by their 
parabolic like path at the extended section of the combustion 
chamber. But about 50% volatile still remained. The smaller 
particles left the exit with about 80% remaining volatile. 
Increased the spray angle to 60 degree (simulation #2) gave a 
clear improvement. Particle of initial diameter 100 pm and 
bigger got into the recirculation stream. Hence, much more 
residence time than the smaller drops which were sucked into 
the vortex core and flew straight to the back wall or exit. 
Consequently, the volatile contents were reduced to less than 
20% for the 200 pm drop and about 30% for the 100 and 150 pm 
drops. Further increasing of the spray angle to 90 degree 
(simulation #3) gave the similar effect. But the particle of 
initial diameter 200 pm did not have enough time to loose its 
initial momentum. Eventually, it. hit the combustion chamber 
wall. The drop of initial diameter 80 pm flew into the 
recirculation zone together with the 100 and 150 pm drops. 
The 150 pm drop showed the best performance. It resident time 
was almost one second and only 16% of volatile remained.
Finally, the spray angle was increased to 120 degree 
(simulation #4). The trajectory paths were similar to the 90 
degree spray angle ones. The particle of initial size 50 pm 
finished with the least volatile content of about 8%, after it 
had travelled one and a half circles in a recirculation
stream and eventually hit the chamber wall. The 150 pm 
particle gave an extraordinary result. After . loosing it's 
sprayed momentum, it travelled in a radius of about 0.9 (in 
dimensionless scale) at which the axial velocity was slow (" 
1-1.8 m/s, see Appendix 4.4.5) until reached the recirculation 
zone at the dimensionless length of about 0.9 where it moved 
downward and eventually left the exit. Only 9.4% of volatile 
matter was remained.
103
C H A P T E R  5
E X P E R I M E N T A L  EQUIPMENT
5.1 DESCRIPTION OF THE VORTEX COMBUSTOR
A vortex combustor was designed and constructed for black 
liquor research and was installed in the Department of 
Chemical and Process Engineering at the University of Surrey. 
The combustor is of a non-slagging type with capacity of 0.25 
MW. A diagram is shown in Fig. 5.1. The combustor is made of 
stainless steel AISI 304L. The main parts consist of a 
cylindrical casing, an air inlet duct, two air register vanes, 
an exhaust duct, and two end plates. The air inlet duct is 
attached to the periphery of the casing. The two air guide 
vanes are made of two symmetrical half-cylinders with 
diameters slightly smaller than that of the outer can and of 
the same length. They are fixed inside the casing as 
illustrated in the sectional view in Fig.5.1. The exhaust 
pipe is lies co-axial with the can and its diameter is about 
1/3 of that of the combustion can. The combustion chamber 
size is of 508 mm. in diameter and 655 mm. in length. The
Fig.5.1 Schematic diagram of the main part of 
the vortex combustor.
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Fig. 5.2 Photograph shows the pilot gas burner assembly.
Fig. 5.3 Photograph of the steam atomiser used in the 
black liquor combustion trial.
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main fuel atomizer is placed at the centre of the front-end 
plate. The supporting fuel burner is located above the main 
atomizer at a radius of 2/3 of the can. The burner uses 
natural gas as the fuel and a general photographic view is 
shown in Fig. 5.2. The burner is equipped with a flame 
detector which controls the opening of the gas supply. Were 
the flame to be extinguished the flame detector would sent 
signal to close the natural gas supply for safety. The main 
burner used was a twin fluid atomizer using steam as the 
atomizing fluid. This was special designed and supplied by
Fuel and Combustion Technology Limited of High Wycombe U.K../
The atomizer general view are illustrated in Fig 5.3.
\
5.2 AUXILIARY SYSTEM
5.2.1 Pilot Gas and Combustion Air
Natural gas, compressed air, and steam are connected from the 
overall laboratory supply. The gas is metered by a rotameter 
before it flow past a control valve to the pilot gas burner. 
Control valves were installed so that the flow rates could be 
varied. Compressed air was used as the primary air for the 
pilot gas burner. A pressure gauge and a valve were connected 
to the air flow line. The gas pilot flame was ignited by means 
of a spark plug. The ignition system was automatic. About 
one minute after the start button had been pressed the natural 
gas solenoid control valve would open and sparking take 
place. The ignition spark plug would spark for approximately 
3 seconds. During this period the flame should be 
established. If the flame is not detected within 5 seconds 
the gas supply closed. During operation had the flame 
disappeared all the fuel supply to the combustion chamber 
would cease. The earliest that the ignition sequence can be 
restarted after a flame failure is 30 seconds. This control 
system was also supplied by Fuel and Combustion Technology
Ltd. An 13- inch, 1.1 kW, centrifugal fan was used to□
p r o v i d e d  c o m b u s t i o n  a i r .  The c o m b u s t i o n  a i r  was d u c t e d  t o  t h e
106
\
air inlet of the combustion chamber. A butterfly valve was 
placed in between so that the air flow rate could be 
regulated.
5.2.2 Fuel Handling System
For the kerosene combustion trial, kerosene was pumped from a 
supply tank by means of a mono-pump. A pressure regulator and 
a pressure gauge were fitted to adjust and monitor the fuel 
pressure. The fuel flow rate was measured by a rotameter. A 
solenoid valve, controlled by the flame detector system, was 
placed before the fuel entered the burner gun. The F.C.T. CM 
twin fluid atomizer was specially designed for this particular 
vortex combustor, with maximum fuel flow rate of 20 kg/hr and 
the fuel delivery pressure of about 20 psig. The schematic 
diagram of this system is illustrated in Fig.5.4.
For the black liquor combustion trial, black liquor handling 
system was setup as shown in Fig.5.5. The black liquor was 
received from a Canadian pulp mill in 200 litre drums. 
External electrical surface heaters were installed on the drum 
to raise the temperature of the black liquor to the 
temperature suitable for handling, which is about 70-80°C. 
The black liquor was transferred from the storage drum to the 
day tank using a compressed air diaphragm pump. The day tank 
was mounted on load cells and equipped with a stirrer. The 
tank had a steam jacket to maintain the black liquor at the 
temperature suitable for pumping. The black liquor was pumped 
to the vortex combustor using a positive displacement pump. 
The black liquor was heated to atomization temperature, 
105-115°C [6] , by a line steam heater. Initially a low
pressure air atomizer was used to spray the liquor, but this 
prove to be totally unsuitable. A special high pressure steam 
atomizer again designed F.C.T. was used. After some spraying 
trials with different nozzle sizes, the one that gave finest 
spray [70,71,72] was selected. The exhaust from the vortex 
combustor discharge to a refractory lined cyclone and then to
107
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Fig.5.6 Photographs show general view of
the vortex combustor installation.
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the flue exhaust pipe. The cyclone has dimensions as shown in 
Appendix D4. Photographs of the installation are shown in 
F i g .5.6.
5.3 MONITORING AND MEASURING SYSTEM
The mobile gas analysis trolley, designed by the Fuels and 
Energy Research Group at the University of Surrey, shown in 
Fig.5.7, was employed to analyze the exhaust gas. Gas samples 
were withdrawn from the flue gas exit pipe through a heated 
sampling line, to avoid condensations, inside the tube. The 
samples were then cooled to room temperature by passing 
through a water-cooled heat exchanger. The condensate was 
separated from the gases by a separator. Then the samples 
were passed through glass wool filters to remove dust, and 
through a silica gel column to remove moisture. The 
conditioned gases were distributed, at correct flow rate, from 
a manifold to the analysis instruments.
Infra-red gas analyzers were used to measure carbon monoxide 
and carbon dioxide concentrations. Oxygen concentration were 
measured using a Neotronics Utox 90 electrochemical cell 
meter. The instruments were zeroed with oxygen-free nitrogen 
and calibrated with the appropriate gaseous mixtures of known 
concentration prior to each run.
Combustion air flow was measured by a pitot tube (BS1042) 
fixed in the exit duct of the fan and a differential pressure 
cell micromanometer. Temperatures were detected by sheathed 
thermocouple type K (cromel-alumel) . Signals from the 
thermocouples were fe d  to the thermocouple board of the data 
logger system explained in the next section. Electrical 
signals of all instruments used were- also connected to the 
data logger for recording and displaying purpose.
I l l
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5 . 4  DATA LOGGING SYSTEM
For efficiency and accuracy in recording the combustion data 
the author personally developed a data logging system using an 
existing microcomputer and additional interface boards. The 
system was designed to record and display the data monitored 
by the gas analysis instruments and the thermocouples. 
Fig/5.8 shows the photograph of the hardware of the system and 
the general arrangement of the system is schematically shown 
in Fig.5.9.
Fig.5.9 The arrangement of the data logging system.
The system is divided into two main parts, hardware and 
software. A thermocouple and an analog to digital/digital to 
analog (AD/DA) interface cards were used in transferring 
outside signals to the microcomputer. The two cards were 
plugged into the expansion slots of the computer. A set of 
computer programs was provided to operate the system. The 
system is - able to handle 8 thermocouples and 16 DC analog 
signals. Detail of the hardware and software are shown in 
Appendix D 1 -D3.
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The signals monitored by the data logger are displayed on the 
computer screen and are written in a sequential text file, 
along with the real * running time. The average logging 
time is about 0.5 seconds per data on a PC machine. It would 
be about 4 time faster if an AT machine had been used.
The system had, been used in this research and others research 
works of FERGUS. The system had proved itself to be a 
flexible, easy to use, and reliable system and it is fast 
enough for the work.
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CHAPTER 6
E X P ERIMENTAL WORKS AND R E SULTS
6.1 INTRODUCTION
The experimental results were carried out under three 
categories, i.e., natural gas combustion, kerosene combustion, 
and black liquor combustion. The vortex combustor used in 
this project was newly constructed and installed. Hence, The 
system ,was first tested with its pilot burner using natural 
gas as fuel. Since a lot of difficulties were expected with 
the incineration of black liquor, kerosene was first used as a 
fuel in order to commission the steam atomizer. The 
combustion process incorporated natural gas as a supporting 
fuel using the pilot. Finally, black liquor itself was used 
for a combustion trail.
6.2 NATURAL GAS COMBUSTION
The investigations into gas combustion were divided in to 
three parts. The first part was a commissioning test, the 
second part was the cold start performance test, to estimate 
the time required in warming up the combustor, finally, gas 
combustion characteristics at various heat load and various 
excess air were investigated.
6.2.1 Commissioning Test
The first stage of the program involved a series of firing 
tests using natural gas. These test were carried out to 
commission the ’combustion and logging system. The principal 
areas of investigation were:-
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a) Safety system, start-up/shut down integrity.
b) Flame stability/ignition tests.
c) Flue gas measuring/logging accuracy.
RESULTS: At the very first start up, problems were
encountered; the flame failed to establish, within a short 
period after ignition. The problems were found to lie with 
the flows of gas, compressed air and combustion air. After 
several trials, a suitable set up was determined as
follows; the combustion air butterfly valve needed to be 
half-open, compressed air pressure should be about 8-10 psig. 
and the gas valve should be open, corresponding to a gas flow 
reading of 100-120. With these preset, start-up gave no 
problems at all. During these tests, the flue gas monitoring 
equipment and the data logging I/O integrity were tested and a 
portable O^/CO^/CO was used to check the data. No
significant differences were found. This ensure that the gas 
sampling was representative and leak tight.
6.2.2 Cold Start Operation
This operation aimed to investigate the length of time needed 
for steady state operation whereby the temperature inside the 
combustor did not change with time. Firstly the gas analysis 
train and the micro manometer was calibrated and set to be 
ready for monitoring, then the data logger system was setup to 
record all the relevant signals. Secondly the combustion 
control system was turned on. The fan was started to supply 
the combustion air. The supply air butterfly valve, the 
compressed air and the gas valve were adjusted to the preset 
condition as explained in section 6.2.1. The ignition switch 
was pressed to ignite the flame. After the flame had already 
established for a few minutes the gas valve was adjusted so 
that the flow reading of 100 was obtained. This setting is 
correspond to heat input of 34.8 kW. Then the air supply 
butterfly valve was adjust again so that the oxygen content in 
the exhaust gases was about 15%. The combustion condition was 
left until the wall temperature of the inner combustion can 
(T^ did not change with time.
116
Tem
per
atu
re,
’C
N A T U R A L  G A S :  C O L D  S T A R T
(a)
Running Time, min
(b)
FLUE
WALL
C O  Cppm3
% 02
I
Fig. 6.1 Cold start operation of the natural gas 
combustion trial in the vortex combustor:
(a) Temperature vs. logging time.
(b) Flue gas anlysis vs. logging time.
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The resultant logged data were tabulated in Appendix E5.1 and 
illustrated in Fig.6.1 (a) and (b) which were the plot against 
running time of temperatures and exhaust gases analysis, 
respectively. The data logger system was turned on before the 
ignition sequence began. From the temperature plot, it can be 
clearly seen, from the rapidly increasing exhaust gas 
temperature (T2), that the flame established after about 8 
minutes of the logging time. Also from this graph, using the 
outer combustion chamber wall temperature (Tl) as the 
indicator, it can be concluded that the system reached steady 
state within half an hour.
Fig.6.1(b) gives a clear view of combustion process. It 
illustrates the changing of some importance species in the 
exhaust gases i.e. oxygen, carbon dioxide and carbon monoxide. 
After the final adjustment of the air and fuel had been 
done,which was as the timer indicated, about 18 minutes, The 
oxygen level was very steady while the carbon dioxide level 
changed within small values but carbon monoxide level was 
first raised up to about 66ppm and fall down gradually until at 
timer about 30 minutes it reached its steady value of about 
4 7 ppm. Hence, it could be concluded that the combustion, during 
the cold start, could reach its steady state within about
12-15 minutes.
In conclusion, the warming up time of this combustor from 
ambient temperature is about 35 minutes. The heat input in
this experiment was about 35 kW which is about 15% of the 
rated load of the combustor. Hence, the time reaching steady 
state may be reduced at higher loads.
6.2.3 Variable Load and Excess Air Performance Tests
This set of tests was aimed at investigating the combustion
performance of the combustor at various heat input load and at 
various excess air condition. The fuel flow rates were set at 
60, 80, 100, 120, and 140 scale reading from the rotameter
which correspond to 20.9, 27.8, 34.8, 41.7, and 48.7 kW heat
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input, respectively. Because of the difficulty in adjusting 
the air flow rate the exact excess air condition was not fixed 
in advance for each run. The oxygen content in the flue gases 
was used as the indicator, instead of direct calculation from 
the fuel and air flow rate. For each heat load, after the 
combustor was warmed up to its steady state condition, the 
combustion air was adjusted so that the oxygen content in the 
exhaust gases was about 19% which was regarded as very high 
excess a i r (~ 900%). After about 10 minutes the combustion air 
flow rate was readjusted to achieve lower amount of per cent 
oxygen? and so on until the further reduction of air flow was 
unlikely to maintain combustion process. It should be noted 
that the transition from one to the other excess air condition 
could reach its steady state within only 1-2 minutes. 
Therefore, 10 minutes for each condition was regarded to be a 
sufficient time in monitoring data.
A. Variable Load Test Results
The logged data of all the runs including the summary of the 
data and their results are placed in Appendix E5.2 and E5.3, 
respectively. A set of data from the same running condition
were averaged and which were shown in the first part of the
summary table. The second part i.e., air and gas flow rate, 
%excess air, and heat energies were calculated from the
average value (first p a rt). The calculations are as 
illustrated in Appendix El.
B. Inner Can Temperature
The surface temperature of the inner combustor can (T ) atl
various heat input load against per cent oxygen content in the 
exhaust gases is shown in Fig.6.2. It indicates that the
temperature depends much on the off-gas oxygen content but not 
on the heat input. Increasing the per cent oxygen, in other 
word amount of the combustion air, reduces the inner can 
temperature. This is clearly because of the cooling effect of 
the tangential inlet air.
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Fig. 6.2 Plot of surface temperature of the inner can 
vs. %oxygen in flue gases at various load.
% Oxygen content in Hue gases
Fig. 6.3 Plot of exhaust gases temperature vs. %oxygen 
in flue gases at various load.
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C. Exhaust Temperature
The- exhaust gases temperature plotted against per cent oxygen 
content in the exhaust gases is illustrated in Fig.6.3. It is 
shown that at oxygen content lower than 16% the exhaust
temperature depends on the heat input but not on the oxygen 
content. The higher the heat input the higher the
temperature. At oxygen level higher than 16%, on the other 
hand, the temperature decreases when oxygen content increases. 
This indicates that at such a very high excess air condition 
the temperature of the exhaust mixture depends mainly on the 
amount of the excess air and not on the heat input.
D. Carbon Dioxide Content
Fig.6.4 shows the relation of per cent carbon dioxide and per
cent oxygen content in the exhaust, gases at various heat
inputs. It indicates that the carbon dioxide content varies 
with heat input (in other word carbon input from fuel) and 
inversely with oxygen content.
E. Carbon Monoxide Content
F i g *6.5 shows the per cent carbon
monoxide content in the flue gases,
F. Energy Loss
The percentage of energy loss was determined as shown in 
Appendix El.2 and the result was illustrated in Fig.6.6. This
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%  Oxygen content in fhie gases
Fig. 6.4 Plot of %carbon dioxide vs. %oxygen in 
flue gases at various load.
%  Oxygen content in flue gases
Fig. 6.5 Plot of %carbon monoxide- vs. %oxygen in 
flue gases at various load.
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Fig. 6.6 Plot of %total energyO - W  W  X. Q W V/ w u  J . V i l w l  J
flue gases at various load
Fig. 6.7 Correlation between %oxygen content in 
flue gases and % excess air in natural gas 
combustion.
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energy loss includes heat loss and combustion losses i.e., 
inefficient combustion.
6.3 KEROSENE COMBUSTION
The purpose of these combustion trials was to prove the 
combustor performance with the main fuel burner, the steam 
atomizer, using kerosene as a fuel with the pilot gas burner. 
It was expected that the experience gained would lead to "know 
how" and confidence with black liquor combustion. The tests 
were divided into 3 parts: a) commissioning, b) various loads 
combustion trial, and c) continuous combustion trial.
6.3.1 Commissioning Tests
Initial commissioning test of the fuel/steam system resulted 
in atomizer blockages on the steam supply side. Even though 
in-line 100 mesh filters were incorporated in the kerosene and 
steam lines, these were inadequate to deal with the carry over 
of sludge and scale which accumulates in the steam main line 
due to intermittent usage. After two or three days operation, 
the steam was adequately purged, and no further blockages were 
encountered during the rest of the test program.
RESULTS: The test results suggested that the optimum
atomizer operating conditions were:-
Fuel pressure 
Fuel flow rate 
Steam pressure 
Steam flow rate
20
9-10
30
2.5
psig
kg/hr
psig
kg/hr
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Ignition of the main kerosene spray from the pilot is 
immediate. Some problems were experienced with intermittent 
loss, of flame. This was found to be due to vapour locking of 
the kerosene in the fuel gun caused by steam heating of the 
fuel. This was quickly eliminated by reducing the length of 
the fuel gun, thus reducing the surface area and contact time 
between the kerosene in the inner pipe and the outer steam 
annulus of the fuel gun.
6.3.2 Combustion Trials at Various Loads
This set of trials was designed to investigate the performance 
of kerosene combustion in the vortex combustor at various 
loads. It involved three runs at fuel flow rates of about 6, 
8, and 9 kg/hr. For all runs, the oxygen content in the flue- 
gases was controlled so that it lay in the range of 12-13 %. 
This range of oxygen content, as suggested by previous 
experiments, gave most efficient combustion. At the oxygen 
content lower than this it was likely that the flame, as
Table 6.1 Kerosene combustion trial results
RUN No. 1 2 3 4
FIRING CONDITION:
Kerosene kg/hr 5.7 7.88 8.97 8.83
Nat.gas kg/hr 2.2025 2.2025 2.2025 2.2025
Steam kg/hr 2.5 2.5 2.5 2.5
FLUE GAS ANALYSIS:
02 % 12.4 12.8 12.7 12.5
C02 % 5.2 2.9 3.7 5.8
CO PPm 53 47 65 52
T e m p . C 945 950 950 930
Air r e q ' kg/hr 280.44 358.45 396.05 ■395.01
Excess Air % 130.3 133.1 133.2 135.4
HEAT BALANCE
INPUT:
Kerosene kW 68.63 94.88 108.00 106.32
Nat. gas kW 31.30 31.30 31.30 31.30
Total kW 99.93 126.18 139.31 137.62
OUT PUT kW 78.26 100.37 110.84 108.16
LOSS % 21.69 20.45 20.43 21.41
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Fig.6.8 Kerosene combustion trial #2, 7.88 kg/hr:
(a) Plot of temperatures against logging time.
(b) Plot of flue gases analysis against 
logging time
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.9 Kerosene combustion trial #4, 8.33 kg/hr:
(a) Plot of temperatures against logging time.
(b) Plot of flue gases analysis against 
logging time
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observed through the sight glass, would be very long and even 
tunnelled through the exhaust pipe into the cyclone. Each 
test took about 30 minutes after the combustor had been warmed 
up. The temperatures and off gases content were similar for 
all the three trials. Fig.6 . 8 (a) and (b) illustrate the 
temperature and off gases content against running time of run 
no.2 (" 8 kg/hr) . Data of the trials and plots of other run 
were shown in Appendix E6.1-E6.4. The summary of the runs 
were illustrated in Table 6.1.
6.3.3 Continuous Operation Trial
To prove the system for continuous operation an eight hour 
period running trial was undertaken. The resultant
temperatures and flue gases analysis against running time are 
illustrated in Fig.6.9 (a) and (b), respectively. The
operating conditions and results are summarized as run no.4 in 
Table 6.1.
There were no problem in ignition for any run. The system was 
running smoothly and no major problem was encountered. 
Intermittent loss of flame were occasionally experienced. 
This may be because of steam pressure drop due to sudden load 
shedding by other users, however, re-ignition could be 
established within a few. minutes. The system was robust, easy 
to start up and shut down.
6.4 BLACK LIQUOR COMBUSTION
The basic properties of the black liquor used in combustion 
trial were determined. The solids content were determined by 
drying out the water in the samples. This was done by 
subjecting the samples to an oven temperature of about 105°C 
for 24 hours. The difference between the initial and final 
weight of a sample represents the amount of water content. 
Consequently, percentage of solid content could be calculated
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and it was found to be 68.6%. The elementary composition of 
the dried sample was analysed and found as follow: 33.32%
Carbon, 3.63% Hydrogen, 0.0% Nitrogen, and others 63.05%. The 
density was found to be 1,350 kg/m3 at 15°C. Its higher 
heating value was determined by mean of an adiabatic bomb 
calorimeter and was found to be 13,703 kJ/kg dry solids. The 
value falls within the typical value range of 13,490-15,350 
kJ/kg.
As mentioned in section 5.2.2 the initial tests using a low 
pressure air atomizer were unsuccessful owing to inadequate 
atomization. This problem was resolved using the specially 
designed steam atomizer previously described. The initial 
combustion trial encountered great difficulties, the atomizer 
was blocked quite frequently and also loss of the pilot flame 
after black liquor introduction. The problems were solved by 
better cleaning of the atomizer passages and nozzles. More 
natural gas was fed in order to maintain high temperature. 
Difficulties were still experienced keeping the atomizer 
pressures stable. The black liquor combustion took placed for 
about 30 minutes and was eventually abandoned due to 
atomization problems. The combustion flame could be seen 
through the sight glass of the cyclone. Fig 6.10 are the 
photographs which show the difference between natural gas 
flames and black liquor flames, both flames flow spirally. 
The natural gas flame was blue with some orange at its tail 
and a length of about a half of the combustor. The black 
liquor with natural gas flame was bright orange and occupied 
about three quarter of the combustor length. The resulting 
solids were collected at the base of the hot cyclone. Logged 
data are shown in Appendix E7 and the plots of temperatures 
and flue gas content against time were illustrated in 
Fig. 6.11. The summarized of the combustion data were as 
follows:
B la c k  l i q u o r  f lo w  r a t e  1 1 .6  k g / h r
p r e s s u r e  6 0 -7 0  p s i g
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(a) Natural gas flames. (b) Black liquor flames.
Fig. 6.10 Photographs show vortex flames.
Fig. 6.12 Black liquor residue collected from the cyclone.
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Fig.6.11 Black liquor combustion trial results:
(a) Plot of temperatures against logging time.
(b) Plot of flue gases analysis against 
logging time.
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Some residue was found at the base of the cyclone. This was 
black formed in lump and very porous, it is shown in Fig.6.12. 
It weighed 182 gm. in total. The residue was analysed and 
found to consist of 76.27% carbon, 5.05% hydrogen, 0.0% 
nitrogen, and the remainder 18.68% of other elements.
The firing rates were calculated and were as follows. Heat
input due to black liquor and natural gas were 29.92 kW and\
31.30 kW, respectively. This indicated that it was 53.8% of 
heat from the supporting fuel. The average excess air was 
about 140%. From the obtained data it was calculated that 
there was 10.51% unburned carbon remaining in the residue and 
98.37% of inorganic salts were lost. The calculations are 
shown in Appendix E 4 .
This combustion trial was not particularly successful but 
because of the environmental problems no further combustion 
trials were conducted. The problem arose after the black 
liquor handling system had been designed. When black liquor 
is heated it produces a very unpleasant smell. The research 
laboratory was filled with this bad smell and it remained 
around for days! The problem was very severe during the 
actual combustion trial. Probably a lot of hydrogen sulphide 
was being produced, and the flue gases were reentering the 
laboratory. Consequently, no further combustion trial was 
considered for this research and the author efforts were 
concentrated on the computational solution to the problem.
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CH A P T E R  7 
DISCU S S I O N  A N D  CONCLUSIONS
7.1 DISCUSSION OF EXPERIMENTAL WORK
7.1.1 Natural Gas Combustion
The natural gas combustion trials were carried out without any 
major problems. This proves that vortex system and it's 
associated controls, are correctly designed. In particular, 
start up can be achieved within a few minutes and combustion 
can be stabilized over a very wide range of conditions. 
Measurement of the carbon monoxide content of the flue g a s e s , 
for example^ leads to the optimum operating condition. The 
combustion can wall temperatures show that the design concept 
of using the combustion air to cool the wall works well in 
practice. This is one of the major advantage of this kind of 
combustor. The maximum firing load, however, was only 48 kW 
which is less than 20% of the designed rate for the combustor. 
This was because of the limit of the maximum input of the 
natural gas. No effort was made to increase the flow rate 
because the natural gas was intended as pilot gas and support 
fuel, not the main fuel. Because of this operation at very 
low loads, very low thermal efficiencies were obtained.
7.1.2 Kerosene Combustion
The kerosene combustion program also confirmed the reliability 
of the system. Provided that the system was set correctly, 
start up can be achieved within a few minutes. The stability 
of the swirling flame and low carbon monoxide in flue gases
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indicated very efficient combustion. The unit was tested at 
about 100-140 kW which was 40-56 % of its rated designed
capacity. The flue gas oxygen contents were controlled at 
about 12%, which corresponds to about 130% excess air. This 
firing condition proved to be the optimum point. The thermal 
efficiencies were about 80% for all loads. Durability of the 
system was tested by the 8 hours running. No major fault was 
encountered. It can be concluded, at this stage, that the 
combustor and the auxiliary system can be used with simple 
fuels like natural gas or kerosene without any difficulty.
7.1.3 Black Liquor Combustion
Great difficulty was encounter with the black liquor 
combustion trials. Atomization seem to be the root cause of 
the problem. Flow from the nozzle was not smooth but rather 
intermittent. This was diagnosed from the fluctuation of the 
black liquor pressure gauge and the sound from the nozzle. 
Visual observation of the flame through the sight glass 
clearly confirmed this conclusion. During the first 20 
minutes after the black liquor was introduced, intermittent 
loss of flame was encountered. The pilot flame, however, 
could be re-ignited within a couple of minutes. . Blockage by 
sludge and scale in the nozzle was found to be the chief 
factor. The sludge and scale probably came from the steam 
supply line. Thorough purging of the piping system would 
eventually solve this problem. The intermittent flow of the 
black liquor was suspicious in that it might well be caused by 
temporary vapour lock. According to Wennberg [76] boiling 
point of black liquor at 68.6% solids is about 113-118°C. Our 
black liquor feeding to the atomizer was heated to about 
105-115°C. Additional heat from radiation received from the 
flame by the atomizer might cause a rise in temperature of the 
black liquor at the nozzle to above it's boiling point. Thus 
causing vapour lock. If this is the case, reducing black 
liquor feed temperatures would mitigate the problem.
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The major obstacle, however, was not a technical problem but 
an environmental one. An very unpleasant hydrogen sulphide 
based smell was produced during the combustion. In fact the 
black liquor source material itself has such a smell, but when 
it was heated up a stronger smell was released. During 
combustion of black liquor, substantial amount of hydrogen 
sulphide is formed [6] and this was the major cause of the 
extremely unpleasant odour. Because of inexperience with this 
material, the problem was overlooked at the beginning of the 
project. Because there was also no funding available to 
improve the system, further combustion trials were abandoned. 
It was very unfortunate indeed that the experiment had to be 
terminated.
7.1.4 Overall Analysis
With the very limited experimental data from the combustion 
trial, it was unlikely that the performance of the black 
liquor vortex combustor could be optimised. The results 
obtained, nevertheless, were of interest. Assuming that there 
were no deposits inside the combustion chamber carbon 
conversion was almost 90% {as shown in Appendix E 4 ) . This was 
a very good figure from a combustion point of view. But the 
loss of most of the inorganics was unacceptable from the 
chemical recovery point of view. However, it was very 
doubtful if these assumptions were correct. Unfortunately, 
our combustor was needed for another project a short while 
later, burning coal-water slurries. Large amounts of deposits 
built up inside the chamber which could be seen through the 
sight glass. From this evidence and from the computational 
simulations in chapter 4 it is obvious that some of the black 
liquor had deposited inside the combustor during the trial. 
Without the known amount and composition of the deposit, it 
was impossible to evaluate our experimental results properly.
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7 . 1 . 5  What m ig h t  b e  H a p p e n in g  w i t h i n  t h e  S y s te m
The processes occurred inside the combustor were unlikely to 
be clearly explained due to their very complexity. However, 
what may have occurred is:- After black liquor was sprayed 
into the combustion chamber it was dried by the hot 
surrounding gases. The big particles (about 100jum and bigger) 
did not lose enough of their momentum and travelled on to 
deposit on the wall inside the chamber. The particle might 
partly dry or partly pyrolyse. After its deposit on the wall 
drying and pyrolysis were likely to continue because the 
surrounding gases temperature was about 300-400°C. Char 
burning, however, was unlikely to occur. Therefore, the 
deposit should contain the remaining carbon and the inorganic. 
The smaller drops, on the other hand, were sucked into the 
vortex core. Eventually, they leave the combustor and enter
Fig.7.1 Diagram illustrates the possible black 
liquor particles trajectories inside the system.
136
into the cyclone separator where the particles are also thrown 
to the wall. When the particles left the combustor they might 
not have dried. Inside the cyclone, drying and pyrolysis of 
the black liquor droplets continue, because «there was > 12% of 
oxygen still remained in the gases, therefore combustion of 
the pyrolysed gases still takes place. This process raised 
the gas temperature. The temperature was probably higher than 
the evaporating point of the inorganic salts in that 
condition. As a result the salts were rapidly evaporated out 
leaving the very porous residue containing mostly carbon as 
collected from the bottom of the cyclone. The assumed 
trajectory paths of the particles are schematically shown in 
Fig.7.1. Based on these assumptions and the approximation 
that there is 6% of char in dried black liquor and assumed 
that all the carbon remained in the residue (0 .1388 kg) was 
char. It can be calculated that this residue came from 2.23 
kg. of dried black liquor. There was 3.9780 kg dried black 
liquor fed during the trial, this indicated that there was 
residue produced from 1.7480 kg of dried black liquor, which 
was 43.94% of the fed liquor, deposited inside the combustion 
chamber.
7.2 CONCLUSIONS FROM THE COMBUSTION EXPERIMENTS
The vortex combustor system was able to cope very well with 
natural gas and kerosene combustion. The combustion
characteristics of both fuels were determined. Natural gas, 
however, was only i n t e n d e d  to be used as a supporting fuel, 
hence the flow rate was limited. About 48 kW which is about 
20% of the combustor designed rated was the maximum input from 
the gas supplied. The kerosene system, on the other hand, was 
designed to handle up to 20 kg/hr of the fuel which is about 
250 kW, the rated output of the combustor. The test series on 
the natural gas provided for start up of the system from room 
temperature. The ignition procedure took about 1-2 minute to 
establish the flame and the combustor reached it thermal 
equilibrium in about 35 minutes. The flame, was very stable
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shortly after it's establishment. From the variable load and 
excess air trials it was concluded that the optimum operation, 
using carbon monoxide as the indicator, was at about 12% 
oxygen content in the dry flue gases.
The kerosene combustion trials illustrated. that the 
interaction between the pilot gas and the main steam atomizer 
was no problem. The heat input was varied from about 100 to 
140 kW while the gas input was fixed at about 31 kW. The heat 
rates corresponded to 40% to 60% of the combustor rated. The 
tests were carried out at the fixed flue gases oxygen content 
of about 12% which corresponded to about 130% excess air. The 
flames were very turbulent and stable and the calculated
thermal efficiency were about 80% for all the runs. The 8 
hours period operation at 60% rated proved the capability of 
the unit and no system failure occurred.
For the black liquor combustion trial, atomization was the 
main technical snag. Atomization tests without combustion 
showed no problems, however, during the combustion trial, 
intermittent flow and blockage of nozzles were encountered. 
The combustion was very unstable and loss of flame occurred 
several times. The residue collected from the cyclone 
indicated that most of the inorganic chemicals were lost. 
With the lack of information the combustion mechanism was 
difficult to justify, however, it has been discussed. The
combustion trial was not successful but it showed the
potential for development. Because of the environmental 
problems, combustion experiments were terminated.
The data logging system developed provided an effective means 
of data collection. The collected data can be easily
transferred to most of the software package. As a result, the
analysis and presentation of the data can effectively and
accurately be done. Even though the system can not compete
With a commercial one, its capability and ease of use were
proved through its deployment in a number of the projects of 
the Fuel and Energy Research Group at the University of 
Surrey.
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7 . 3  SUGGESTION FOR IMPROVING THE EXPERIMENTAL SYSTEM
Before further experimental work can be carried out the - 
following improvements should be incorporated:
1) To overcome the environmental problem, the fume 
extraction and black liquor handling system must be either 
improved or the unit moved to a remote facility.
2) Atomization studies of black liquor should be 
undertaken. Development of a suitable atomizer to ensure 
stable flow and continuous flow at the design flow rate with 
the correct particle sizes and size distribution from the 
atomizer is essential.
3) Improvement in collection of solid across the system 
so that accurate heat and mass balance can be achieved. 
Solid sampling technique incorporated with composition 
analysis of the samples would give a clear view of the 
combustion mechanism in the system.
4) Composition of gases in various parts of the combustor 
should be measured. Apart from 0 2, CC>2 , and CO, unburnt 
hydrocarbon and NOx should be measured. With these measurement 
the combustion process of the gas phase can be characterized.
5) Further measurement of concentration of S0„ ,H S and2 2
other interested species would provide fume formation and 
absorption information. This measurement, however, is
essential for the last stage of development but not at the 
preliminary stage.
7.4 DISCUSSION OF THE COMPUTATIONAL SIMULATION
From the results of the black liquor simulation in section 
4.5, it can be concluded that the modified TPP model appeared
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to be the answer to difficult waste material disposal. 
Considering Fig.4.29 which illustrates volatile content in a 
black liquor droplet at it final step, particles of initial 
diameter 100-200 jum, with a suitable spray angle, could 
release 80% of their volatile before they hit a wall. 
Operating the combustor's extended part as a slagging type 
vortex combustor, would extend further the residence time. 
Hence, complete incineration of black liquor could be achieved 
with this design modification. The final combustion products 
of black liquor combustion are inorganics, which should be 
collected for recycling. Having the particles impinge onto 
the slagging section surface and then tapped the slag out at 
the bottom is not difficult in practice. Besides, had the 
particles left the combustor at the flue exit, some kind of 
separation process must be provided to collect the ash and not 
let them be carried over with the flue gases. This is not 
easy with very fine particles, therefore, in such an operation 
the slagging section must have temperature high enough for the 
inorganics to melt. According to Grace [6] this temperature 
ought to be about 930°C. This should not be a problem, 
because a large fraction of the volatiies are pyrolysed in 
this zone. Hence, provided that there is enough combustion 
air in this region, gas combustion would be promoted and 
consequently secure high temperatures. This region is 
immediately adjacent to the combustion air inlet. As a 
result, plenty of oxygen is expected to be available in this 
zon e .
Factors affecting the accuracy of the computational results 
are as follows:
7.4.1 Effect of the.Grid Size
The grid used may be too coarse. As the rule of thumb the 
finer the grid the greater the calculated accuracy. The size 
of grid should be optimized so that increasing of the number 
of the grid will not substantially effect the solution. The
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finer the grid used, on the other hand, increase the required 
memory storage and computer running time. In this case, using 
a micro-computer, the hardware limit prevents the use of very 
fine grid. Furthermore, as mentioned in the natural gas 
combustion simulation, computer time was far too long to 
consider a very fine grid. In practice, there has to be 
compromise between accuracy and economy.
7.4.2 Error due to the Approximation of the Data Input
The particle sizes used in these simulation ranges from 1 to 
200 jL£m and the initial velocities used were mostly 30 m/s.
These were the assumed values. Because there is no reliable 
correlation to predict the behavior of the sprays from a twin 
fluid atomizer. Each atomizer has it's own spray
characteristics [70,73] and these have to be determined 
experimentally. Bennington and Kerekes [74] measured black 
liquor drop size distribution from laboratory-scale pressure 
spray nozzles. They found that at typical firing condition 
the Sauter mean diameter was about 200 Jim. Spray from an
steam atomizer may give finer drops. Therefore, the value of 
200 i m  was used as the upper limit in these simulations. The 
assumed value of the initial velocity was a difficulty because 
there was no direct reference to be found in literature. 
Jones [75] , however, concluded in one of his drop size 
measurements of the spray from a pressure jet used in power 
generation, and using a high speed photographic .technique, 
that some of the drops near to the atomizer travelled close to 
100 m/s. Thus we may conclude that the majority drops were
travelling less than that velocity. The value of 30 m/s was
used in most of our simulations. With this lack of 
information the selected values used in these simulation may 
significantly differ from the true values. The true values, 
nevertheless, have to be determined from direct measurement. 
This can be done only when a certain system and therefore a 
given atomizer had already been selected.
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7 . 4 . 3  E r r o r  d u e  t o  t h e  C o m b u s t io n  M odel
The black liquor combustion model described in chapter 3 
involved many assumptions and simplifications. The assumption 
of the particle temperature and diameter depend on the state 
of combustion, certainly distorting the trajectory of the 
particles from the real path, to some extent. This is because 
the temperature of the particle and the surrounding gas 
determine the reaction rates. Particle diameter and it's 
density also determine the aerodynamic properties and 
therefore, the trajectory path. From the simulation results, 
drying was complete immediately after the particle has been 
introduced into the combustion chamber. This is because of 
the assumption of purely external heat transfer control during 
the drying process and internal resistance of heat transfer 
the a particle was neglected.
7.4.4 Error due to the Particle Tracking Program
The assumptions used in the particle tracking program, 
developed in chapter 3 may contribute in a calculation error. 
The velocity of the gaseous media around a particle is assumed 
to be equal to the cell centre velocity. This is unreal and 
would give a considerably error, resulting in a strong 
velocity gradient field, especially at the recirculation 
plane. This can be improved by using an interpolated value, 
of course, it would consume a considerable amount of computing 
time. The tracking of a particle would terminate when the 
particle struck a wall. In fact the particle may bounce, 
slip, or stick to the wall which would cause further 
interaction between the particle and the surrounding gaseous.
7.4.5 Error due to Simulation Model Used
The simulations in black liquor combustion employed two 
dimensional simulation. As discussed in section 4.4.3, This 
would lead to about 14-45% difference in calculated value of 
the three velocity components compared to the three
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dimensional simulation. This certainly contributed to the 
accuracy of the simulations in some extent. Also isothermal 
assumption certainly contributed to another error.
A turbulence model must be selected or specified for each 
simulation. The Prandtl Mixing Length model gave the best 
predictions in comparison with the k-1 and k-£ model. This 
model, however, did not give identical values to those of the 
experiment ones, leading to inaccuracies in the simulations.
7.5 CONCLUSIONS FROM THE COMPUTATIONAL SIMULATION
Without any experimental support, the simulation results are
hard to justify. Nevertheless, because most of the physical
processes were reasonably modelled, at least trends should be
reliable. The simulations in this research, in fact, did not
aim for an high accuracy but was aimed to explore the trend of
application ^and development of a vortex combustor for black
liquor incineration. The more accurate model can ’ be setup
after a particular system is selected for development or for
study in specific detail. It can be concluded here,
therefore, that the developed method of simulation satisfied
it's purpose. It provides a tool for modelling black liquor
particle combustion in a vortex combustor. The development
program provides an easy way to alter a number of parameter
involving both furnace geometry and black liquor properties
through the input file of the package, PHOENICS. This means
that further explorations involving varying such a parameter
need not change the main program at all. The particle
tracking program can easily be modified for using with other
particles, provides that no combustion is concerned. However,
the combustion routine of the program can also be changed for
other substances and combustion model. This has been proven
when the author modified the program to model kerosene
2combustion and the D -law was used to described the particle 
mass and size during combustion process. •
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)7 . 6  SUGGESTIONS FOR FURTHER COMPUTATIONAL SIMULATION WORK
There are a number of areas in which further studies are 
needed. First, is the further isothermal exploration of the 
suggested models or other modified model. Changing of 
parameters such as initial velocity of particles, input load, 
and temperature would probably provide further useful 
information. Simulation of bigger particle size (>200jLtm) with 
a smaller spray angle {<30°) might give some interesting 
results. Exploring the effect of black liquor properties 
would provide data base for further development. The particle 
tracking program developed has provided an easy way to alter 
some of black liquor properties through the Ql file. These 
properties are: density, water content, volatile content, char 
content, temperature and swelling ratio at each state of 
combustion, heating value and stoichiomatic air fuel ratio of 
the pyrolysed gases, and reaction rate constants. These 
variables are set through group 19 of the input file, Ql (see 
Appendix C4.1.2).
Simulation of fully combustion flow field mode would certainly 
give a more realistic pictures of the combustion process. 
When simulating such a phenomena, however, one must bear in 
mind that it is a highly unstable situation and the computing 
time needed is lengthy. This is because of the very strong 
link between sources and the conserved variables. 
Devolatised gas, for example, directly effects the flow 
field by its mass and momentum transfer. Furthermore, if it 
burn, the temperature of the media will rise which will
disturb the flow pattern. The flow of the gases, on the other 
hand, effects the trajectory of the particles and consequently 
the position of the devolatilised gas source. The instability 
of iteration may be very high such that a solution cannot be 
achieved. The proper set of RELAXATION in group 17 of the Ql 
might help to restore divergence. Also linearisation of the 
source terms in the GROUND subroutine may stabilize the 
iteration process of the program. The Phoenics Beginner's
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Guide [59] explains how to achieve such a condition. A more 
realistic approach may be sought by considering the heat
losses from the combustor and radiation transfer inside the 
system.
Further realism may be approached by introducing the size
distribution of black liquor droplets from an atomizer. In 
practice, particles from a spray have different drop sizes and 
a particular drop size distribution is characteristic of a 
particular atomizer. The particle tracking program was
written to provided up to 30 representative particles but this 
number, however, can be increased by appropriate changes in
the program.
The black liquor combustion model described in chapter 3 may 
be modified if more information become available. Assuming 
the particle temperature and diameter depend on its combustion 
state, it certainly distorts the trajectory of the particle in 
some extent. This can be improved by interpolation of the
parameters. From the simulation results, the drying process 
was completed immediately after the particle was introduced 
into the combustion chamber. This is because the assumption 
of purely external heat transfer control. Internal resistance 
of heat transfer in the particle should be considered.
The particle tracking program, developed in chapter 3, could 
be improved in some areas. The velocity of the gaseous media
around a particle is assumed to be equal to the cell centre 
velocity. This would upset the particle aerodynamics in a 
strong velocity gradient flow field, especially at the
recirculation plane. This can be improved by using an 
interpolated value. Of course, it would consume more 
computing time. Tracking a particle would terminate when the 
particle reached a wall. In fact the particle may bounce,
slip, or stick to the wall. Behavior of the particle at a 
particular wall must be taken into account in order to predict 
the correct result. When modelling a vortex combustor to
145
operate in a slagging mode, the characteristic flow of the
slag at the wall must also be formulated.
The turbulence model, discussed in section 2.10.4 and 4.2 
should be explored in more detail. Using the direct
measurement of flow velocities of the combustor, to confirm 
this selection is worth doing. If possible the flow field 
data should be measured under combustion conditions.
Modification of turbulence models in order to select the one 
which gives the closest prediction of vortex combustion flow 
field would provide valuable information for vortex combustion 
research.
The single step reaction scheme incorporated with the eddy 
break-up model, mentioned in chapter 3 and 4, provides useful 
gas combustion simulation. Apart from the flow and mixing 
properties the constant (CEBU) is one of the parameter 
controlling the amount of fuel burnt. Determination of a 
suitable value of this parameter for vortex combustion is 
another interesting point'.
7.7 POSSIBLE APPLICATIONS OF A VORTEX COMBUSTOR TO . THE 
PULP AND PAPER INDUSTRY
The application of the vortex combustor to the pulp and paper 
industry may involve in two parts. Firstly it can be used as 
a supplementary combustor to help an overloaded recovery 
boiler. This condition may occur in a plant in which 
production of pulp is to be increased but the recovery boiler 
is already at it's full capacity, because black liquor is a 
waste from the pulping process and the only mean of disposal 
is burning. A new recovery boiler will be big and very
expensive. Using one or a series of vortex combustor attached 
to the existing recovery boiler will increase the capacity of 
the plant for disposal of black liquor. Hence, production 
rates can be increased. The tapping slag may be discharged
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Fi 9 .7.2 Vortex combustor as an auxiliary recovery furnace.
F  i g. 7.3 Vortex combustor as a chemical recovery furnace.
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directly, by gravity, to the char bed of the boiler where it 
goes through its cycle in the conventional way. This proposed 
idea is schematically illustrated in Fig.7.2.
The second application lie in the idea that the combustor can 
be used to replace the conventional recovery boiler 
completely. In this case the hot flue gases are introduced 
into a power boiler while the molten salts (slag) is tapped 
out to a tank for it further processing as shown in Fig. 7.3.
7.8 FINAL CONCLUSIONS
Black liquor is a waste from the process of pulp production. 
Recovery of both heat and chemical from the waste is essential 
for the economics of the mill. The Tomlinson recovery boiler 
technology, developed in 193 0 's, is the heart of the recovery 
cycle. For more than half a century this type of boiler has 
-• served the pulp and paper industry well. Despite, a 
number of drawbacks, the boilers still remain in use. It was 
in the early .1 9 7 0 ’s that research and development for 
alternative technologies intensively began. Up to now, 
however, non have claimed to success. The main problem in the 
development is the properties of black liquor itself, they are 
strange and unique. Black liquor from different raw pulping 
materials or different mills have different characteristics. 
Properties of black liquor, therefore, are not well 
characterized. A number of researches have been carried out 
but non characterized black liquor properties in a simple or 
generalized format.
Vortex combustor has been developed by the Fuel and Energy 
Research Group at the University of Surrey (FERGUS) since 
1969. It is capable of incinerating a variety of wastes and 
fuels and it will probably also deal with black liquor. With 
limited of funding, a preliminary combustion experiment had 
been set up. A 250 kW vortex combustor was constructed by 
Fuel and Combustion Technology Ltd. The unit was first proved
148
with natural gas and kerosene. Both the combustion and the 
overall system performance were satisfactory. Combustion of 
black liquor, however, . presented great difficulties. 
Atomization caused the main technical problem but it was the 
environmental problem that prevented further experimentation. 
The test, nonetheless, did show the potential for incineration 
of black liquor by a vortex combustor. The computational 
simulation, was therefore used to establish and explore black 
liquor incineration by a vortex combustor. A computational 
fluid dynamics , PHOENICS version 1.4, software package was 
purchased by FERGUS and used in this program. Basic 
simulations involved selection of a turbulence model and 
natural gas combustion were done. A set of special programs 
to track black liquor particles during combustion was 
developed. The programs were bolt on to the main program of 
PHOENICS. Series of simulations of black liquor combustion in 
a vortex combustor were performed. Each simulation led to the 
suggestion of further modification of the combustor. Finally, 
a potential combustor model was proposed. A discussion of 
these results was undertaken and further studies were also 
suggested.
Advances in computer technology encourages research workers to 
use appropriate computer aided designed package in their 
research. In combustion research, the ‘ computational fluid 
dynamics method is increasingly used. The accuracy of the 
simulation, however, depends on the assumptions and the models 
used. Unfortunately, a number of physical phenomena such as 
turbulent flow, are not well understood even today. 
Therefore, simulation results should be validated by 
experimental data. Once a simulation module was set up and 
validated further simulations are much.easier. In development 
of black liquor incineration by a vortex combustor, the 
corporation of experiment and computational simulation would 
be more effective and economic than conducting experimental 
works alone. The developed simulation method provides 
guidance for the modification of the hardware. Experimental
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data, if relevant, on the other hand, would lead to the 
improvements in the simulation model. At the end of the day, 
however, only experimental results will confirm that the 
concerned system works. Such a development program is a time 
consumed process and needs both financial and man power 
resources. Therefore, it really need strong support from the 
Industry.
Development of more efficient black liquor combustion was 
encouraged by the energy crisis of the 1970's. The pulp and 
paper industry was forced to find a more economic way of 
operating their mills. Development of the new technologies in 
black liquor incineration were one of the most significant 
aims. A decline in oil prices during the 80's, no doubt 
relaxed the threat. As a result, less effort was put in the 
research and development. The present Persian gulf's conflict 
which has occurred while this script has been written 
(September 1990), is pushing the oil price up again. The 
world is now facing another energy crisis. There is no doubt 
that more money will be put into energy efficiency scheme 
again. The author hopes very much that vortex combustor will 
be considered by the pulp and paper industry so that it may 
have a chance to get involved in helping out the world's 
energy shortage.
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A P P E N D I X  A  
T H E  PULP A N D  PAPER INDUSTRY IN T H A I L A N D
A.I. OVER VIEW OF THE INDUSTRY
A.1.1 THE DEMAND OF PULP
The pulp and paper industry in Thailand is increasingly 
paying an important role in Thai economy, because the 
demand of pulp has been rising gradually for the past 
decade, as shown in Table A.I. The demand [1] increased
Table A.l The production, import, export and demand of 
pulp in Thailand during 1977-1983.
Year Production
t o n n e
Import Export Demand
t o n n et o n n e
m i l l i o n
B a h t
t o n n e
m i l l i o n
B a h t
1977 30,131 87,946 606.4 _ 116,647
1978 26,376 105,149 690.4 - - 131,525
1979 33,056 128,526 1,151.9 - - 161,582
1980 22,230 80,737 942.9 - - 102,967
1981 21,599 113,637 1,313.0 1 0.0 135,236
1982 40,836 92,152 918.9 305 2.5 ' 131,040
1983 63,334 124,144 1,226.2 914 12.1 184,760
from 116,647 tonne in 1977 to 184, 760 in 1983 which was 
58.4% increase. Pulp has to be imported each year and 
it cost more than 1,200 million Baht in 1983. If 
production could meet demand, Thailand could save much 
foreign exchange.
A - l
A .1 . 2  PULP AND PAPER MILLS
There are 3 pulp and 29 paper mills in Thailand [2] .
Brief in formation on the three pulp mills is
illustrated in Table A .2.
Table A . 2 Pulp mills in Thailand [2].
Name Raw Material used
Capacity
tonne/day
1. Phoenix Pulp & 
Paper Co.Ltd.
Thai Kenaf 200-250
2. Siam Pulp Co.Ltd. Bagasse 80-100
3 Thai Cane Board 
C o .L t d .
Bagasse 60-80
A .1.3 ALTERNATIVE RAW MATERIAL
One of the problems that the mills are facing is the 
lack of supply of raw material. There are a number of 
researcher looking at alternative materials which could 
be used as feed materials for pulp production (1,4-6). 
These include quick growth trees such as Eucalyptus and 
Pinus Caribaea together with Rice Straw and RubberwoodT
A.2 PULP MILL IN THE NORTHEAST OF THAILAND
There is only one pulp mill in the Northeast of 
Thailand, the Phoenix Pulp and Paper Company Limited. 
It is situated in Nam Pong about 40 kilometres from Khon 
Kaen town centre. The mill began its production in
A-2
January 1982 and its caDacity is about 70,000 tonne per 
year T71 . The main raw material used is Thai Kenaf 
which is supplied by a number of farmers in this area. 
About 200.000 tonne of dried kenaf is recruired annually. 
The mill employs about 800 employees, Therefore, it is 
considered to be an important industry in the Northeast 
of Thailand.
A .2.1 PRODUCTION PROCESS
Pulp production in this mill employs the sulphate 
(Kraft) process, briefly explained as follow:
1. Chopping Dried kenaf is shopped into small chips.
2. Digestion The Karyr continuous digester is
employed. Black liquor is separated and 
undergoes the recovery process.
3. Washing The producing pulp is washed by water in
an vacuum washer and then screened.
4. Bleaching The pulp is bleached by using chlorine.
5. Drying It is pass through a series of drum
thickeners and then dried.
A .2.2 ENERGY CONSUMPTION
The mill requires [8] about 23,000 kilo litre per year 
of fuel oil and 80 million kW-hr per year of 
electricity. However 50 million kW-hr per year comes 
from its own production. Part of the energy source of 
this is, of course, black liquor.
A -3
REFERENCES ( T r a n s l a t e d ) :
1* Anon., 'Agriculture and Industry', Business News
Conclusion, 16, 15 (1-15 August 1985), p 1-5.
2. Wuthasatian, N. , 'Pulp and Paper Industry', J. of 
Science, 37, 9-10 (Sept-Oct 1983), p 520-524.
3. Anon.,'Pulp Industry: How Long to be Protected',
Business News Conclusion, 17, 14 (16-31 July 1986), 
p l3-23.
4. Rattiwanich, T. , e t .a l S u l p h a t e  Pulping of Pinus 
Caraibaea, M orelet’, Report R191, The Ministry of 
Industry.
5. Sansurn, et.al., 'A Study of Pulp Production from 
Rubberwood', J.Agricultural Science, yr 5 no.5, 
1972, p 517-533.
6. Anon., 'A Comparison of Pulp Produced from Different 
Kind of Rice Straw', Division of Science Service 
News, H94, Sept 1980, p 4-5.
7. Anon., 'A Kenaf Pulp Industry', Phoenix Pulp and 
Paper Co. Ltd. Document.
8. Anon., 'Home Industry'.
A -4
A P P E N D I X  B
B L A C K  LIQ U O R  COMBUSTON 
A N D  P A R T I C L E  T RACKING P R O GRAM
B.l ARRHENIUS’S CONSTANTS FOR BLACK LIQUOR COMBUSTION
Table B1 Data from Hupa et.al.[12]
Furnace
Temp.
C
Process time, sec
Drying Pyrolysis Char
Burn
Total
Time
600 2.95 0.95 1.5 5.4
700 1.9 0.8 1.3 4
800 1.15 0.7 1 2.85
900 0.9 0.7 1 2.6
Table B2
1/Temp ln(1/time) 1/sec
1/K Drying Pyrolysis Char 
Burn
Total
Time
0.001145
0.001028
0.000932
0.000853
-1.08181
-0.64185
-0.13976
0.10536
0.051293 -0.40547 
0.223144 -0.26236 
0.356675 0 
0.356675 0
-1.6864
-1.38629
-1.04732
-0.95551
B - l
T a b l e  B3 C u rv e  f i t t e d  b e tw e e n  1/Tem p v s .  l n ( l / t i m e )
1/Temp ln(1/time) , 1/sec
l/K ‘;Drying Pyrolysis Char
Burn
Total
Time
0
0.001145
0.001028
0.000932
0.000853
3.6906
-1.09091
-0.59949
-0.19967
0.131981
1.3378
0.074936
0.204727
0.310326
0.397919
1.3488
-0,40597
-0.22562
-0.07889
0.042824
1.3209
-1.67732
-1.36918
-1.11848
-0.91052
ko
Ea
40.09
34706.05
3.81
9166.35
3.85
12736.76
3.75
21762.26
Table B4 Regression output from curve fitting
Drying Pyrolysis Char
Burn
Total
Time
Constant
Std Err of Y Est 
R Squared 
No. of Observation 
Degrees of Freedom 
X Coefficient(s) 
Std Err of Coef.
3.690608
0.055566
0.992651
4
i 2
-4174.26
253.9753
1.337771
0.048721
0.924556
4
2
-1102.48
222.6913
1.348755
0.068585
0.922721
4
2
-1531.91
313.4821
1,320893
0.061086
0.977748
4
2
-2617.45
279.209
software: Quattro; file: Arrenh.wkq
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APPENDIX C 
THE COMPUTATIONAL SIMULATIONS
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C l . 2 SUMMARY OF TH E DATA AND R E S U L T S
AT IZ®4 (@40)
y/r
E x p e r i m e n t a l  d a t a  
U40 V40 W40' UP
P r a n d t l- - - - -
WP UL
k - 1  m o d e l
VL
0 . 0 2 5 0 0 . 1 - 0 . 1 - 1 . 6
0 . 0 7 5 0 6 . 3 1 . 5 - 0 . 5 0 . 3 0 . 1 - 1 . 2
0 . 1 0 0 0 9 . 1 0 . 9 - 1 . 2 1 . 7 0 . 1 - 0 . 9
0 . 1 5 0 0 1 6 . 5 2 . 1 - 1 . 5 1 0 . 3 1 . 0 2 . 5
0 . 2 0 0 0
0 . 2 5 0 0
2 2 . 0
2 5 . 9
- 1 . 7
- 2 . 9
0 . 5
2 . 9
2 4 . 1 0 . 7 2 . 4
0 . 3 0 0 0 2 6 . 4 - 2 . 6 1 . 5 2 8 . 6 - 0 . 3 0 . 6  ;
0 . 3 5 0 0
0 . 4 0 0 0
2 4 . 1 - 3 . 5 - 0 . 2
2 1 . 8 - 2 . 6 - 0 . 4 |
0 . 4 5 0 0 2 0 . 0 - 1 . 9 - 0 . 4 2 1 . 2 - 0 . 3 - 1 . 2  :
0 . 5 0 0 0
0 . 5 5 0 0
1 8 . 1
1 6 . 8
- 2 . 1
- 1 . 1 - 0 . 2 iI
0 . 6 0 0 0 1 5 . 9 - i * 2 0 . 0 1 6 . 9 0 . 2 0 . 7  ;
J0 . 6 5 0 0 1 5 . 4 - 1 . 3 - 0 . 2
0 . 7 0 0 0 1 4 . 7 - 1 . 4 . - 0 . 2
.
0 . 7 5 0 0 1 4 . 0 - 0 . 9 - 0 . 2 1 5 . 0 - 0 . 0 - 0 . 2  ;
0 . 8 0 0 0 1 3 . 8 - 0 . 9 0 . 0
0 . 8 5 0 0 1 3 . 0 “ 1 - 6 0 . 0
\1 : 1 1 1 1
1 2 . 5
1 2 . 8
- 0 . 5
- 2 . 0
- 0 . 9
- 1 . 5 1 2 . 9 0 . 0 0 . 1
1 . 0 0 0 0 1 1 . 8 - 6 . 2 - 1 . 6
3 . 2
1 0 . 711.8 
1 1 . 9  
11.8
0.1
0.0-0 .1
-0 .2
- 0 . 3
1 1 . 6  - 0 . 4
8.2 0 .0  -0 .0
AT IZ =6  (@65)
j E x p e r i m e n t a l  d a t a  |
y / r
! P r a n d t l k - 1  m o d e l k - e m o d e l
! u p VP WP UL VL WL UK VK WK
1 © . I  
: 0 . 3  
1 . 5  
; 1 2 . 0  
; 2 5 . 7
0 . 2
0 . 4
0 . 6
0 . 0
- 2 . 1
- 1 . 6
- 1 . 4
3 - 13 . 8
2 . 8
1 0 . 1
1 1 . 6
1 2 . 0
1 2 . 0
8 * ?0 . 1
- 0 . 1
- 0 . 3
- 0 . 5
- 2 . 7
0 . 2
1 . 4  
1 . 7
1 . 5
1 . 2
2 . 4
3 . 6
t l
- 0 . 1
- 0 . 2
- 0 . 4
- 0 . 5
- 0 . 6
0 . 4
1 . 2
1 . 5
1 . 5  
1 . 3
, 2 8 . 8
i
- 2 . 3 0 . 5 1 1 . 8 - 0 . 4 0 . 6 6 . 7 - 0 . 4 0 . 6
1 2 1 . 2 - 1 . 5 - 0 . 7 1 0 . 6 - 0 . 2 0 . 1 7 . 1 - 0 . 3 0 . 1
I 1 7 . 0t - 1 . 0 0 . 2 9 . 7 - 0 . 2 - 0 . 0 7 . 2 - 0 . 2 - 0 . 0
1 4 . 9 - 0 . 4 0 . 1 8 . 9 - 0 . 2 - 0 . 0 7 . 1 - 0 . 2 - 0 . 0
1 2 . 8 - 0 . 5 0 . 1 8 . 2 0 . 0 - 0 . 0 7 . 1 0 . 0 - 0 . 0
0 . 0 2 5 0
0 . 0 7 5 0Will 0.2000 
0 . 2 5 0 0  
0 . 3 0 0 0  
0 . 3 5 0 0  
0 . 4 0 0 0  
0 . 4 5 0 0  
0 . 5 0 0 0  
0 . 5 5 0 0  
0 . 6 0 0 0  
0 . 6 5 0 0
0 . 7 5 0 0  
0 . 8 0 0 0  
0 . 8 5 0 0  
0 . 9 0 0 0  
0 . 9 5 0 0  
1.0000
6 . 4
9 . 9
1 6 . 9
22.2
2 6 . 4
2 6 . 7
2 4 . 3
2 1 . 7
1 9 . 8
1 7 . 7
1 6 . 9
1 5 . 8
1 5 . 0  
1 4 . 6
1 3 . 8
1 3 . 4
1 3 . 012.1
1 2 . 9
! : !
U
■2.8
*3 .3
■2.1
- 2 . 5
-1.6
- 2 . 3
- 1 . 3
• 1 . 5
• 0 . 9
•0.
0.8  
2
. .  9 
3 . 3  
1.0  
0 . 4  
0 . 4
0 . 5
0 . 3
0.2
0.2
0 .4
0.0
. 4
-0 .6  - 0 .51 . 3
AT I Z - 8  (@100 mm)
E x p e r i m e n t a l  d a t a P r a n d t l k - 1  m o d e l
y / r w UP VP WP UL
i faj 
i >
0 . 0 8 - i
0 . 3 - 2 . 1 2 . 6 0 . 2
0 . 3 8 - 1 - 1 . 2 9 . 1 0 . 2
“ 8 - 3 0 . 6 0 . 1 - 0 . 8 1 0 . 9 - 0 . 1- 0 . 3 9 . 3 - 0 . 3 1 . 0 1 1 . 7 - 0 . 8
2 . 3
3 . 3
2 6 . 5 - 1 . 6 3 . 3 1 1 . 9 - 1 . 7
0 . 4
“ 8 * 4- 0 . 3
2 9 . 5 - 2 . 7 0 . 0 1 2 . 3 - 0 . 2
- 0 . 3
- 0 . 2
- 0 . 3
2 0 . 5 - 1 . 4 - 0 . 0 1 0 . 7 - 0 . 1
0 . 0  
-  : I
1 7 . 6 - 0 . 9 0 . 0 9 . 7 - 0 . 1
0 . 0
1:1
1 4 . 6 - 0 . 6 - 0 . 0 8 . 9 - 0 . 2
- 0 . 2
- 0 . 7
1 3 . 3 - 0 . 3 0 . 0 8 . 3 0 . 0
WL UK
k - e  m o d e l  
VK ~ ~wi'
0 . O 2 5 0  
0 . 0 7 5 0  
0.1000 
0 . 3 . 5 0 0
t m i
0 . 3 0 0 0  
0 . 3 5 0 0  
0 . 4 0 0 0  
0 . 4 5 0 0  
0 . 5 0 0 0  
0 . 5 5 0 0  
0 . 6 0 0 0  
0 . 6 5 0 0
1.0000
7 .3  -
1 0 . 4
1 7 . 6
2 4 . 0  
2 7 . 9
2 6 . 5
2 3 . 8  
2 1 . 4
1 9 . 6  
. 1 8 . 0
1 6 . 6
1 5 . 6
1 5 . 3
1 4 . 4
1 3 . 8
1 3 . 0
1 2 . 5
H -i'12.8
.0
019
H
4 . 1
3 . 4
3 . 52.6  
2 . 9
2.2 1.8  1.8
l',9
0 . 9
0 . 3
1.8
1.8
- 4 . 0
• 0 . 3
2 . 3
3 . 7
4 . 1
1.1
2 . 3
3 . 6
4 . 9
6.0
0 . 0  7 . 1
0 . 0  7 . 0
0 . 0  I 7 . 3
'8-1•0.2
• 0 . 4
*0.8
■1.4
0 . 0  7 . 2  - 0 . 1
0 . 0  1 7 . 1  - 0 . 0
■0.1 
*0.1 
0.0
0 . 9
2.0
2 . 7
3 - 13 . 1
0.0
0.0
0.0
0.0
0.0
C - 2
C l . 3 COMPARISON OF THE RESULTS AND THE EXPERIMENTAL DATA
y / r
P r a n d t l  M od e l KL-raodel KE-mode l
U p / u V p / v Wp/w U l / u V l / v Wl/w U k / u V k / v Wk/w
At  p l a n e  1 / 3  L ( I Z - :4)
0 . 0 7 5 O 0 . 0 4 0 . 0 9 2 . 6 4 1 . 7 1 0 . 0 3 - 0 . 5 0 0 . 3 6 - 0 . 0 9 - 1 . 2 3
0 . 1 0 0 0 0 . 1 9 0 . 0 8 0 . 7 4 1 . 2 9 - 0 . 1 0 - 0 . 6 5 0 . 3 8 - 0 . 2 6 - 0 . 6 4
0 . 1 5 0 0 0 . 6 2 0 . 4 7 - 1 . 6 8 0 . 7 2 - 0 . 1 0 - 0 . 5 7 0 . 2 7 - 0 . 1 5 - 0 . 5 3
0 . 2 0 0 0 1 . 0 9 - 0 . 4 3 4 . 9 0 0 . 5 4 0 . 1 8 1 . 5 1 0 . 2 4 0 . 2 2 1 . 4 3
0 . 3 0 0 0 1 . 0 8 0 . 1 2 0 . 3 9 0 . 4 4 0 , 1 4 0 . 3 0 0 . 2 5 0 . 1 5 0 . 3 0
0 . 4 5 0 0 1 . 0 6 0 . 1 6 3 . 0 0 0 . 5 3 0 . 1 5 - 0 . 2 7 0 . 3 6 0 . 1 7 - 0 . 2 7
0 . 6 0 0 0 1 . 0 7 - 0 . 1 5 ERR 0 . 6 1 0 . 1 9 ERR 0 . 4 5 0 . 2 1 ERR
0 . 7 5 0 0 1 . 0 7 0 . 0 2 0 . 9 1 0 . 6 4 0 . 2 4 0 . 1 2 0 . 5 1 0 . 2 6 0 . 1 5
0 . 9 5 0 0 1 . 0 1 0 . 0 0 - 0 . 0 5 0 . 6 4 0 . 0 0 0 . 0 2 0 . 5 5 0 . 0 0 0 . 0 2
Avg 0 . 8 0 0 . 0 4 1 . 3 6 0 . 7 9 0 . 0 8 - 0 . 0 1 0 . 3 7 0 . 0 6 - 0 . 1 0
At  p l a n e  1 / 2  L (IZ=:6)
0 . 0 7 5 0 0 . 0 4 ERR 2 . 0 0 1 . 5 7 ERR - 0 . 2 3 0 . 3 7 ERR - 1 . 5 5
0 . 1 0 0 0 0 . 1 5 0 . 5 7 1 . 1 7 1 . 1 7 - 0 . 0 5 - 1 . 1 4 0 . 3 7 - 0 . 1 9 - 1 . 2 9
0 . 1 5 0 0 0 . 7 1 0 . 2 5 - 3 . 8 9 0 . 7 1 - 0 . 1 3 - 2 . 0 8 0 . 2 8 - 0 . 2 0 - 1 . 9 2
0 . 2 0 0 0 1 . 1 6 0 . 1 2 4 . 1 8 0 . 5 4 - 1 . 2 2 1 . 6 2 0 . 2 5 - 1 . 4 2 1 . 4 4
0 . 3 0 0 0 1 . 0 8 0 . 7 1 0 . 4 8 0 . 4 4 0 . 1 2 0 . 6 1 0 . 2 5 0 . 1 3 0 . 5 9
0 . 4 5 0 0 1 . 0 7 0 . 7 4 2 . 4 9 0 . 5 4 0 . 1 2 - 0 . 2 7 0 . 3 6 0 . 1 2 - 0 . 2 2
0 . 6 0 0 0 1 . 0 8 0 . 4 3 - 1 . 1 2 0 . 6 1 0 . 0 8 0 . 0 8 0 . 4 6 0 . 0 8 0 . 1 6
0 . 7 5 0 0 1 . 0 8 0 . 4 8 ERR 0 . 6 5 0 . 2 2 ERR 0 . 5 2 0 . 2 3 ERR
0 . 9 5 0 0 1 . 0 6 1 . 0 8 - 0 . 2 9 0 . 6 8 0 . 0 0 0 . 0 4 0 . 5 9 0 . 0 0 0 . 0 7
Avg 0 . 8 3 0 . 5 5 0 . 6 3 0 . 7 7 - 0 . 1 1 - 0 . 1 7 0 . 3 8 - 0 . 1 6 - 0 . 3 4
At  p l a n e  3 / 4  L (I Z- =8)
0 . 0 7 5 0 1 0 . 0 4 - 0 . 1 2 ERR 1 . 2 4 ' - 0 . 2 4 ERR 0 . 3 1 0 . 1 9 ERR
0 . 1 0 0 0 0 . 0 5 0 . 6 3 2 . 8 0 1 . 0 5 - 0 . 4 5 - 7 . 5 2 0 . 3 5 - 2 . 1 5 - 8 . 8 6
0 . 1 5 0 0 0 . 5 3 - 0 . 3 2 - 3 . 4 0 0 . 6 6 - 0 . 8 6  -• 1 2 . 4 4 0 . 2 8 - 0 . 9 3 - 1 0 . 2 8
0 . 2 0 0 0 1 . 1 0 5 . 4 9 1 . 4 3 0 . 5 0 5 . 5 2 1 . 7 8 0 . 2 5 4 . 5 7 1 . 3 3
0 . 3 0 0 0 1 . 1 1 0 . 6 5 0 . 0 0 0 . 4 6 0 . 0 6 0 . 0 0 0 . 2 7 0 . 0 2 0 . 0 0
0 . 4 5 0 0 1 . 0 5 0 . 5 3 0 . 0 0 0 . 5 4 0 . 0 5 - 0 . 0 0 0 . 3 6 0 . 0 2 - 0 . 0 0
0 . 6 0 0 0 1 . 1 3 0 . 4 7 ERR 0 . 6 2 0 . 0 8 ERR 0 . 4 6 0 . 0 6 ERR
0 . 7 5 0 0 1 . 0 6 0 . 6 8 ERR 0 . 6 5 0 . 2 0 ERR 0 . 5 1 0 . 1 6 ERR
0 . 9 5 0 0 1 . 0 7 0 . 1 8 - 0 . 0 0 0 . 6 7 0 . 0 0 - 0 . 0 0 . 0 . 5 9 0 . 0 0 - 0 . 0 0
Avg 0 . 7 9 0 . 9 1 0 . 1 4 0 . 7 1 0 . 4 8 - 3 . 0 3 0 . 3 8 0 . 2 2 - 2 . 9 7
A v g . A l l 0 . 8 1 0 . 5 0 0 . 7 1 0 . 7 6 0- .15 - 1 . 0 7 0 . 3 8 0 . 0 4 - 1 . 1 4
ERR = E r r o r  d u e  t o  d i v i d e d  b y  z e r o ,  n o t  a c c o u n t  i n  a v e r a g e  v a l u e
C - 2 ( b )
C2 NATURAL GAS COMBUSTION SIMULATIONS
C 2 . 1  TH E IN P U T  F I L E  (Q l)
Vortex combuster - Natural gas combustion, grid 16x12x11 
TALK=T;RUN( 1, 1);VDU=SCREEN
GROUP 1. Run t itle  and other preliminaries 
TEXT(VORTEX-COMBUSTOR: :Natural gas combustion)
Combustor infor.
REAL(CL,EHL,ETL,CD,EHD,PO);REAL(VA,VT,MA,MT); INTEGER(NYN,ZN1,ZN2)
CL=.655;EHL=.30;ETL=.50;CD=.508;EH0=.152;PD=.050;VA=1.42;VT=0.71;f1T=l. 5873E-2 
Gas flow h Combustion infor.
REAL(MPA,MFU,FINF,ST0IC,FST0IC,GRHO);REAL(HAIR,HFU,WPR,HFU,HFOIN);REAL(CPAIR,CPFU,CPPR,CEBU)
MPA=1.764E-3,MEU=6.195E-4,; f1A=f1PA+MFU;FINF=MFU/ttA;GRH0=1. 1774,HFUS4.9E7 j HFOIN=HFU*MFU/MA 
WAIR=29.0,WFU=16.0,WPR=28.0;CPAIR=1005.,CPFU=1005.,CPPR=1005.;STOIC=17.24;FSTOIC=1./(1+$TOIC);CE8U=1,0 
GROUP 2. Transience; time-step specification 
CARTES=F;XCYCLE=T;STEAOY=T
GROUP 3. X-direction grid specification 
NX=16;XFRAC(l)=-nx;XFRAC(2)=6.28318/NX 
GROUP 4. Y-direction grid specification 
NY=12;NYN=6;YFRAC(l)=-NYN;YFRAC(2MEHD/2)/NYN;YFRAC(3)=NY-NYN;YFRAC(4) = (CD-EHD)/2/(NY-NYN)
GROUP 5. Z-direction grid specification 
NZ=11;ZN1=8;ZN2=NZ-ZN1;ZFRAC(1)=-ZN1;ZFRAC(2)=CL/ZN1;ZFRAC(3)=ZN2;ZFRAC(4)=EHL/ZN2 
GROUP 6. Body-fitted coordinates or grid distortion 
GROUP 7. Variables stored, solved h named 
S0LVE(P1,U1,V1,W1);SOLVE(HI,FUEL,MIXF);STORE(OXID,PROD,TEMPI,RH01);$0LVE(KE,EP)
GROUP 8. Terms (in differential equations) & devices 
GROUP 9. Properties of the medium (or media)
CONPOR(0.0,VOLUME,1,NX,NYN+1,NY,ZNl+l.NZ)
Air at 300 K
ENUL=1.684E-5,ENUT=GRND2;RHOl=GRNO6;RHOlA*WFU;RHO18=UAIR;RHOlC=UFR;ELl=6RNDl;ELlA=CD/30 
TEMP0=273;TMP1=GRND8;TMP1A=CPFU;TMP1B=CPPR;TMP1C=CPAIR;PRESS0=1.0E5 
GROUP 10. Inter-phase-transfer processes and properties 
GROUP 11. Initialization of variable or porosity fields 
RESTRT(ALL)
GROUP 12. Convection and diffusion adjustments 
.GROUP 13. 8oundary conditions and special sources 
Gas Burner 
PATCH(FOIN,CELL,9,9,9,9,1,1,1,1)
C0VAL(F0IN,P1,FIXFLU,MA);C0VAL(F0IN,U1,ONLYfIS,VA);COVAL(FOIN,KE,FIXFLU,10.);C0VAL(F0IN,EP,QNLYh$,5.) 
COVAL(FOIN,hIXF,ONLYMS,FINF);0VAL(F0IN,FUEL,ONLYMS,FINF);C0VAL(F0IN, HI, ONLYMS,HFOIN)
Enthalpy of reaction MUST be included in HFOIN 
Tangential air inlet 1
PATCH(S0IN1, CELL,1,1,NY,NY,1,ZN1,1,1);COVAL(SOIN1,PI,FIXFLU,MT/ (2*ZN1) ) ;C0VAL(S0IN1,U1,ONLYMS,VT) 
Tangential air inlet 2
PATCH(S0IN2,CELL,9,9,NY,NY,1,ZN1,1,1);C0VAL(S0IN2IP1,FIXFLU,MT/(2*ZN1)) ;C0VAL(S0IN2,U1,ONLYMS, Vt)
Exit
PATCH(OUTLET,HIGH,1,NX>1,NYN,NZ,NZ,1,1)
COVAL(OUTLET, PI,1.0,0.0);COVAL(OUTLET,H1,ONLYMS, SAME)
COVAL(OUTLET,MIXF,ONLYMS,SAME);C0VAL(0UTLET,FUEL,ONLYMS,SAME)
Whole field source of fuel 
PATCH (CHSO, PHASEM, 1, NX, 1, NY, 1, NZ, 1', 1); COVAL (CHSO, FUEL, GRND9, GRN09)
GROUP 14. Downstream pressure for PARAB=. TRUE.
GROUP 15. Termination of sweeps 
LSWEEP=400
C-3
?GROUP 16. Termination of iterations 
GROUP 17. Under-reiaxation devices 
RELAX (P1,L-INRLX,0.5);RELAX(Ul,FALSDT, i .0E-3) s RELAX(VI,FALSDT,1 .0E-3);RELAX(HIf FALSDT,1. 0E-3)
RELAX(KE,FALSOT,1.0E-3);RELAX(EP,FALSDT,1.0E-3);RELAX(FUEL,FALSDT,1.0E-3);RELAX(MIXF,FALSDT,1.0E-3) 
GROUP 18. Limits on variables or increments to them 
VARflAX(Ul)=15. ;VARMIN(U1)=0.0;VARMAX(W1)=25. ;VARMIN(Wl}=-20.0 
VARHAX(Vl)sl5.;VARfHN(Vl)s-10.0;VARHAX(Pl)al.0E5.;VARHIM(Pl)sl.0E-5 
VARf1IN(TEMPl) =100.0; VARMIN (HI)=10; VARfllN (EP) =1. 0E-5; VARMAX (EP) =1. 0E5 
VARMAX(KE)=1.0E5;VARMIN(KE)=1.0E-2
GROUP 19. Oata communicated by satellite to GROUND 
RSG29=CEBU;R3G28=HFU;RSG27=FST0IC,USEGRD=T 
GROUP 20. Preliminary print-out 
GROUP 21. Print-out of variables 
OUTPUT(HI,N,N,Y,Y,Y,Y);OUTPUT(MIXF,N,N,Y,Y,Y,Y);OUTPUT(EP,N,N,Y,Y,Y,Y);OUTPUT(FUEL,N,N,Y,Y,Y,Y) 
0UTPUT(RH01,N,N, Y, Y, Y, Y) ;0UTPUT (TEMPI, N, N, Yt Y, Y, Y); OUTPUT (OXID, N, N, N, N, Y, Y) -.OUTPUT (PROD, N, N, N, N, Y, Y) 
GROUP 22. Spot-value print-out 
GROUP 23. Field print-out and plot control 
ECH0=F;IPR0F=3
PATCH(TABC1,PR0FIL,1,1,1,NY,2,2,1 ,1);Pl.OT(TABC1, Ul,0.0,10);PLOT(TABC1,VI,0.0,10)
PLOT(TA8C1,H1,8.0,10
PATCH(TABC2,PROFIL,9 
PLOT(TABC2,H1,0.0,10
PATCH(TABC3,PROFIL,1 
PLOT(TABC3,H1,0.0,10
PATCH(TABC4,PROFIL,9 
PLOT(TABC4,U1,0.0,10
PATCH(TABC5,PROFIL,1 
PLOT(TABC5,W1,0.0,10
PATCH(TABC6,PROFIL,9 
PLOT(TABC6,H1,0.0,10
PATCH(TABC7,PROFIL,1 
PL0T(TABC7,H1,0.0,10
PATCH(TABC8,PROFIL,9 
PLOT(TA8C8,W1,0.0,10
PATCH(TABC9,PROFIL,1 
PLOT(TABC9,H1,0.0,10
;PLOT(TABC1, TEMPI,0.0,10);PLOT(TABC1,FUEL,0.0,10);PLOT(TA8C1.0XID,0.0,10)
9 .1,NY,2,2,1,1)jPLOT(TABC2,Ul,0.0,10};PLQT(TABC2,V1,0.0,10)
;PLOT(TABC2,TEMPI,0.0,10);PL0T(TABC2,FUEL,0.0,10);PLOT(TABC2.0XID,0.0,10)
1.1,NY,4,4,1,1);PLOT(TABC3,U1,0.0,10);PLOT(TABC3,V1,0.0,10)
;PL0T(TABC3,TEMPI,0.0,10);PLOT(TA8C3,FUEL,0.0,10);PLOT(TA8C3,OXID,0.0,10)
9.1,NY,4,4,1,1);PLOT(TABC4,U1,0.0,10)jPL0T(TABC4,V1,0.0,10)
;PL0T(TABC4,TEMPI,0.0,10);PL0T(TABC4,FUEL,0.0,10);PL0T(TABC4,OXID,0.0,10)
1.1,NY,6,6,1,1);PLOT(TABC5,U1,0.0,10);PL0T(TABC5,VI,0.0,10}
;PL0T(TABC5,TEMPI,0.0,10)PLOT(TABC5,FUEL,0.0,10);PL0T(TABC5,OXID,0.0,10)
9 .1,NY,6,6,1,1);PLOT(TA8C6,U1,0.0,10);PLOT(TABC6,VI,0.0,10)
;PLOT(TABC6,TEMPI,0.0,10);PLOT(TABC6,FUEL,0.0,10);PLOT(TABC6,OXID,0.0,10)
1.1,NY, 8,3,1,1);PLOT(TABC7,U1,0.0,10);PLOT(TA8C7,VI,0.0,10)
;PL0T(TABC7,TEMPI,0.0,10);PLOT(TABC7,FUEL,0.0,10);PL0T(TABC7,OXID,0.0,10)
9 .1,NY,8,8,1,1);PLOT(TABC8,U1,0,0,10);PL0T(TABC8,Vl.0.0,10)
;PL0T(TABC8,TEMPI,0.0,10);PL0T(TABC8,FUEL,0.0,10);PL0T(TABC8,OXID,0.0,10)
1.1, NY, 10,10,1,1);PLOT(TABC9,U1,0.0,10);PLOT(T ABC9,VI,0.0,10)
;PL0T(TABC9,TEMPI,0.0,10);PL0T(TABC9,FUEL,0.0,10);PL0T(TA8C9,OXID,0.0,10)
PATCH(TABC 10,PROFIL,9,9,1,NY,10,10,1,1);PLOT(TABC10,Ul,0 .0 ,10);PLOT(TA8C10,V1,0.0,10) 
PLOT(TABC10,W1,0.0,10);PLOT(TABC10,TEMPI,0.0,10);PLOT(TABC10,FUEL,0.0 ,L0);PLOT(TABC10,OXID, 0.0,10) 
GROUP 24. Dumps for restarts .
STOP
C-4
C 2 . 2  S IM U L A T IO N  R E S U L T S  OF TH E N A TU RA L GAS COM BUSTION S IM U L A T IO N S
NATURAL GAS COMBUSTION IN THE SURREY UNIT VORTEX COMBUSTOR 
R esu lts and comparison between 3-D and 2-D s im u la tio n .
Gas combustion page no. 1
3-D sim u lation 2-D sim u lation % ERROR FROM 3-D
Y u V w TEMP OXYGEN FUEL u V w TEMP u V w T
m m/s ‘C % ppm m/s ‘C
PLANE IZ = 2
IX = 1
0.006 i .4 6 -0 .0 2 0.088 1027 2 .2 41080 0.491 - 0 .0 1 0 .144 775 66.3 67.34 -6 2 .7 24.5
0.019 1.77 -0 .0 8 -0 .1 3 997 2 .4 41860 0 .992 -0 .0 1 0.029 739 43 .8 92.57 122.8 25 .9
0.032 1.78 -0 .0 9 -0 .2 7 972 2 .6 42590 0.967 -0 .0 1 -0 .0 2 717 45 .5 90.96 91.02 26.2
0.044 1.75 -0 .0 9 -0 .3 3 950 2 .7 43320 0.916 -0 .0 1 -0 .0 4 697 47 .7 82.96 87.32 26 .7
0.057 1.72 -0 .0 8 -0 .3 4 932 2 .8 44030 0.867 -0 .0 2 -0 .0 4 675 49.6 70.19 88.04 27 .6
0.070 1.69 -0 .0 7 -0 .3 2 917 2 .8 44670 0.818 -0 .0 3 -0 .0 3 650 51.6 55.35 91.01 29 .2
0.091 1.65 —0 .0 7 -0 .2 6 898 2 .9 45540 0.735 -0 .0 5 -0 .0 0 607 55.5 28.36 99.74 32 .3
0.121 1.59 -0 .0 9 -0 .1 0 879 3 .0 46310 0.613 -0 .0 5 0.049 543 61 .4 40.60 149.1 38.2
0.150 1.53 -0 .1 2 0.083 868 3 .2 46030 0.508 —0*01 0.090 482 66.8 92.34 -7 .3 8 44 .5
0.180 1.47 -0 .1 5 0.258 857 3 .6 44200 0.472 -0 .0 0 0.090 600 67 .9 97.69 64.93 30 .0
0.210 1.39 -0 .1 7 0.391 827 4 .8 39520 0.468 -0 .0 2 0.081 752 66.3 87.57 79.23 9.09
0.239 1.23 0 0.418 724 8 .2 27030 0.488 0 0.070 873 60 .2 0 83.17 -21
IX = 9
0.006 0.22 0.052 0.247 1053 2 .0 40390 0.391 -0 .0 1 0.144 775 -74 114.9 41.76 26 .4
0.019 0 .91 0.166 0.053 i041 2 .1 40500 0.992 -0 .0 1 0.029 739 -8 .6 103.5 45.82 29 .0
0.032 1.24 0.280 -0 .1 3 1033 2 .2 40360 0.967 -0 .0 1 -0 .0 2 717 21.8 102.9 81.77 30.6
0.044 1.38 0 .400 -0 .2 7 1023 2 .3 40460 0.916 -0 .0 1 -0 .0 4 697 33.4 103.6 84.53 31.9
0.057 1.44 0.519 -0 .3 8 1002 2 .4 41220 0.867 -0 .0 2 -0 .0 4 675 39.7 104.5 89.19 32.7
0.070 1.47 0 .616 -0 .4 7 959 2 .6 43260 0.818 -0 .0 3 -0 .0 3 650 44.3 105.2 93.84 32.3
0 .091 1.50 0.707 -0 .6 0 832 3 .0 49790 0.735 -0 .0 5 -0 .0 0 607 50.9 107.0 99.89 27 .0
0.121 1.52 0.072 -0 .7 2 479 3 .8 69130 0.613 -0 .0 5 0.049 543 59.7 172.1 106.8 -13
0 .180 1.22 -0 .3 6 -0 .3 9 383 4 .9 69700 0.472 HD.00. 0.090 600 61.3 99.02 123.5 -56
0.210 1 .12 -0 .3 3 -0 .0 1 611 5 .5 50470 0.468 -0 .0 2 0 .000 752 58.3 93.43 102.8 -23
0.239 1 .1 0 0.399 660 8 .1 32410 0.488 0 0.070 873 55.6 ■0 82.35 -32
AVG. 1 .40 0.05 -0 .1 2 866 3 .5 44516 0.698 -0 .0 2 0.029 684 44.6 83.13 79.94 16 .4
PLANE IZ = 4
IX = 1
0.006 1.31 0.204 0 .689 1237 2 .8 23260 0.782 -0 .0 2 0.617 1045 40 .1 110.1 10.48 15 .5
0.019 2.35 0.103 0.439 1219 3 .0 23060 1.363 -0 .0 4 0.474 1041 41 .9 138.1 -7 .9 8 14 .6
0.032 2 .3 9 0.007 0.281 1203 3 .2 23140 1 .26 -0 .0 2 0.401 1041 47 .2 315.6 -4 2 .8 13 .5
0 .044 2.28 -0 .0 6 0 .19 1188 3 .3 23450 1.155 -0 .0 7 0.352 1043 49.3 -1 0 .9 -8 5 .5 12 .2
0.057 2.15 -0 .1 1 0.141 1173 3 .4 23920 1.069 -0 .0 8 0.315 1044 50.3 29.72 -123 11 .0
0.070 2.02 -0 .1 5 0.119 1159 3 .5 24480 0.996 -0 .0 9 0.285 1046 50.8 41.68 -139 9.75
0.091 1.86 -0 .2 0 0.114 1138. 3 .5 25430 0.887 -0 .0 9 0.245 1048 52.3 52.15 -116 7 .91
0.121 1 .64 -0 .2 2 0.159 1105 3 .7 26860 0.761 -0 .0 9 0.205 1054 53.5 57.60 -2 9 .0 4 .62
0 .150 1.45 -0 .2 2 0.225 1065 4 .0 27870 0.671 -0 .0 8 0.172 1065 53.8 62.12 23.52 0
0.180 1.29 -0 .2 1 0.287 1012 4 .6 27560 ,0.609 -0 .0 7 0.143 1081 52.9 65.80 50.35 - 6 .8
0.210 1.15 -0 .1 8 0.321 929 6 .1 24940 0.568 -0 .0 6 0.116 1093 50.6 67.83 63.75 -18
0.239 1.01 0 0.284 731 9 .7 17200 0.550 0 0.088 1074 45.3 0 68.83 -47
Gas combustion page no. 2
3-D sim ulation 2-D sim ulation %ERROR FROM 3-D
y u V w TEMP OXYGEN FUEL u V w TEMP u , V w T
m m/s *C % Ppnci m/s ‘C
IX a 9
0.006 0 .9 4 -0 .2 6 0.712 1239 2 .7 23370 0.782 H2>.02 0.617 1045 16 .7 92.20 13 .32 15 .7
0.019 2 .0 0 -0 .1 9 0 .457 1219 3 .0 23340 1.363 H&.04 0.474 1041 31 .7 79.52 -3 .7 4 14 .6
0.032 2 .09 -0 .1 5 0.294 1209 3 .1 23340 1.26 -0 .0 5 0.401 1041 39.6 63.13 -3 6 .4 13 .9
0 .044 2.03 -0 .1 3 0.197 1202 3 .2 23360 1.155 -0 .0 7 0.352 1043 43 .1 48.47 -7 8 .7 13 .2
0 .057 1 .95 -0 .1 3 0.135 1198 3 .2 23330 1.069 -0 .0 8 0.315 1044 45 .2 39.33 -134 12 .9
0.070 1 .8 7 -0 .1 3 0.093 1195 3 .3 23240 0.996 -0 .0 9 0.068 1046 46.7 35.59 27.20 12 .5
0.091 1 .76 -0 .1 6 0 .050 1191 3 .3 23050 0.887 H9.09 0 .094 1048 49 .6 40.37 -8 7 .6 12 .0
0.121 1 .58 -0 .1 9 0.033 1179 3 .6 22570 0.761 -0 .0 9 0.026 1054 51.7 50.75 22.50 10 .6
0 .150 1 .4 0 -0 .2 1 0.038 1154 4 .1 21620 0.671 -0 .0 8 0.057 1065 51 .9 60.50 -4 7 .5 7 .71
0 .180 1 .2 2 -0 .2 1 0 .052 1106 5 .0 19610 0.609 -0 .0 7 0.037 1081 50 .2 66.84 29.63 2.26
0 .210 1 .0 7 -0 .1 9 0.062 1004 6 .7 16490 0.568 -0 .0 6 0.116 1093 46 .9 68.54 -8 8 .7 - 8 .9
0 .239 0 .9 4 0 0.053 750 10 .6 10610 0.550 0 0.088 1074 4 1 .4 0 -6 6 .8 -43
AVG. 1 .6 6 H3.12 0.23 1117 4 .3 22713 0.889 -0 .0 6 0.252 1056 4 6 .0 65.63 -3 2 .4 3 .37
PLANE IZ = 6
IX = 1
0.006 1.63 0.011 2.278 1252 4 .2 13620 1.184 0.020 1.699 1127 27 .5 -7 2 .4 25.42 9 .98
0.019 2 .86 -0 .0 9 1.727 1232 4 .5 13060 1.663 -0 .0 8 , 1.298 1124 41 .9 16.40 24 .84 8.77
0.032 2.71 -0 .1 6 1.367 1220 4 .8 12480 1.495 -0 .1 0 1.061 1122 44 .7 39.83 22.38 8.03
0 .044 2 .48 -0 .2 1 1.112 1210 5 .0 11990 1.354 -0 .1 1 0.888 1121 45 .5 46.01 20.15 7.36
0.057 2 .29 -0 .2 4 0.914 1201 5 .1 11600 1.245 -0 .1 2 0.750 1119 45 .6 48.79 17 .94 6 .83
0 .070 2 .11 -0 .2 6 0.754 1191 5 .3 11300 1.154 -0 .1 3 0.634 1116 4 5 .4 50.39 15.87 6 .30
0.091 1 .9 0 -0 .2 7 0.558 1176 5 .5 10960 1.02 H3.13 0.485 1110 46 .4 52.87 12.99 5 .61
0.121 1 .62 H9.26 0.370 1150 5 .9 10680 0.873 -0 .1 2 0.332 1092 46 .2 54.57 10.38 5 .04
0 .150 1 .39 -0 .2 3 0.251 1112 6 .4 10370 0.767 -0 .1 0 0.220 1067 44 .8 56.41 12.33 4 .05
0 .180 1 .19 -0 .2 0 0.174 1047 7 .3 9740 0.686 -0 .0 8 0.136 1033 42 .5 59.76 21.73 1 .34
0.210 1.03 -0 .1 6 0 .120 934 8 .8 8447 0.624 -0 .0 6 0.074 987 39.5 63.70 38.15 - 5 .7
0 .239 0 .8 9 0 0.066 680 12 .3 5450 0.580 0 0.026 909 35 .0 0 60.43 -34
IX = 9
0.006 1 .32 HD.17 2.351 1253 4 .2 13670 1.184 -0 .0 5 1.699 1127 10 .2 70.75 27.73 10 .1
0.019 2 .6 6 -0 .1 6 1.752 1232 4 .5 13250 1.663 -0 .0 8 1.298 1124 37.5 50.80 25.91 8 .77
0.032 2 .57 -0 .1 6 1.378 1221 4 .7 12920 1.495 -0 .1 0 1.061 1122 41 .9 39.83 23 .00 8.11
0.044 2 .40 -0 .1 8 1.122 1215 4 .8 12620 1.354 -0 .1 1 0.888 1121 43 .6 35.12 20.86 7 .74
0 .057 2 .2 4 -0 .1 8 0.927 1211 4 .9 12320 1.245 -0 .1 2 0.750 1119 44 .5 33.46 19.11 7 .60
0.070 2 .1 0 -0 .1 9 0.769 1209 5 .0 12010 1.154 -0 .1 3 0.634 1116 45 .1 33.37 17.58 7 .69
0 .091 1.93 -0 .2 0 0.567 1205 5 .1 11500 1 .02 -0 .1 3 0.485 1110 47 .1 35.16 14 .44 7 .88
0.121 1 .68 -0 .1 9 0.363 1195 5 .4 10650 0.873 -0 .1 2 0.332 1092 48 .2 38.02 8.547 8 .62
0.150 1 .47 -0 .1 8 0.214 1168 5 .9 9642 0.767 -0 .1 0 0 .220 1067 47 .8 42.71 -2 .4 7 8.65
0 .180 1 .28 -0 .1 7 0 .102 1108 6 .8 8396 0.686 -0 .0 8 0.136 1033 46 .3 51.21 -3 2 .7 6 .77
0 .210 1 .1 1 -0 .1 5 0 .020 991 8 .5 6790 0.624 -0 .0 6 0.039 987 4 3 .7 60.91 -9 2 .9 0 .35
0.239 0 .95 0 -0 .0 4 715 1 2 .1 4041 0.580 0 0 .026 909 39 .2 0 163.4 -27
AVG. 1 .83 -0 .1 7 0 .80 1130 6 .1 10729 1.054 -0 .0 9 0.632 1077 41.7 37.82 19.80 3 .30
PLANE IZ = 8
IX = 1
0.006 3 .0 0 -0 .5 6 7.734 1172 5 .8 9022 2.147 -0 .1 1 4 .154 1087 28.3 79.78 46.29 7 .25
0.019 4 .2 2 -0 .8 3 7.157 1162 6 .1 8406 2.669 -0 .2 9 4.063 1075 36 .7 65.18 43,23 7 .49
0.032 3 .76 -1 .0 8 6.227 1157 6 .2 7921 2.295 -0 .4 7 3.855 1065 38.9 56.22 38.09 7 .95
C - 6
Gas em bus t io n  page no. 3
3-D sim u lation 2-D sim ulation % ERROR FROM 3-D
Y u V w TEMP OXYGEN FUEL u V w TEMP u V w T
m m/s *C % ppm m/s ’C
0.044 3.29 -1 .2 4 4 .934 1154 6 .3 7519 1.988 -0 .6 5 3.552 1057 39.6 47 .88 28.01 8 .4 1
0.057 2 .90 -1 .2 4 3 .211 1152 6 .4 7174 1.738 -0 .7 9 3.089 1048 4 0 .0 36.85 3.799 9 .03
0.070 2 .58 -0 .8 8 0.000 1150 6 .5 6854 1.531 -0 .8 4 0.000 1040 40 .6 5.091 -523 9.57
0 .091 2.29 -0 .4 0 0.000 1149 6 .7 6254 1.248 -0 .4 0 0.000 1029 45 .5 -1 .3 4 -1 4 .6 1 0 .4
0.121 1 .84 -0 .1 7 0.000 1124 7 .2 5233 1.008 -0 .1 9 0.000 982 45 .1 -1 3 .9 -127 12 .6
0.150 1 .48 -0 .0 6 0 .000 1081 7 .8 4392 0.851 -0 .0 9 0.000 920 42 .3 -3 9 .7 -190 14 .9
0.180 1.23 -0 .0 2 0.000 1001 8 .9 3459 0.742 -0 .0 4 0.000 834 39.6 -5 6 .0 34.53 16 .7
0.210 1 .02 -0 .0 4 0 .000 819 11.3 2288 0.662 -0 .0 2 0.000 720 35.3 53.06 22.22 12 .0
0.239 0.83 0 0.000 493 15 .2 1031 0.598 0 0.000 597 28 .0 0 -2 5 .2 -21
■ IX = 9
0.006 2 .6 4 -0 .0 3 7.791 1173 5 .8 9097 2.147 -0 .1 1 4.154 1087 18.8 -262 46.68 7 .33
0.019 4 .2 5 -0 .4 5 7.207 1159 6 .1 8408 2.669 -0 .2 9 4.063 1075 37 .2 36.37 43.62 7 .25
0.032 3 .87 -0 .7 9 6.268 1152 6 .3 7958 2.295 -0 .4 7 3.855 1065 40 .6 40.17 38.50 7 .55
0.044 3.43 -1 .0 0 4.966 1147 6 .4 7610 1.988 -0 .6 5 3.552 1057 4 2 .0 35.66 28.47 7 .85
0.057 3 .0 4 -1 .0 5 3.237 1145 6 .5 7316 1.738 -0 .7 9 3.089 1048 42 .9 24.97 4.572 8 .47
0.070 2 .74 -0 .7 1 0.000 1144 6 .6 7040 1.531 -0 .8 4 0.000 1040 4 4 .0 -1 7 .6 -437 9 .09
0.091 2 .47 -0 .2 7 0.000 1144 6 .7 6475 1.248 -0 .4 0 3E-11 1029 49 .4 -4 7 .0 99.99 10 .1
0.121 2.03 -0 .0 9 0 .000 1119 7 .2 5515 1.008 -0 .1 6 3E-13 982 50.3 -8 3 .5 100.0 12 .2
0.150 1 .68 -0 .0 1 0.000 1080 7 .8 4714 0.851 -0 .0 1 IE-13 920 49 .2 - 6 2 .4 100.0 14 .8
0.180 1 .44 -0 .0 0 0.000 1005 8 .8 3755 0.742 -0 .0 0 IE-14 834 4 8 .4 14.60 100 17 .0
0.210 1 .22 -0 .0 3 0.000 837 1 1 .0 2503 0.662 -0 .0 2 ***** 720 45.9 45.58 •100 14 .0
0.239 0 .96 0 0 .000 519 14 .9 1153 0.598 0 ***** -5 9 7 37 .6 0 100 -15
AVG. 2 .42 -0 .4 6 2.45 1052 7 .9 5879 1.456 -0 .3 2 1.559 955 40 .3 -1 .7 4 -1 4 .1 8 .16
PLANE IZ = 10
IX = 1
0.006 0 .95 0.045 5.29 1156 6 .1 8003 0.979 0.024 3.646 1115 -3 .3 45.29 31.08 3 .55
0.019 2.61 0.083 5.135 1154 6 .2 7744 2.033 0.042 3.739 1126 22.2 49.62 27.19 2.43
0.032 2.48 0.083 5.009 1155 6 .2 7599 1 .84 0.049 3.746 1147 25.8 40.92 25.21 0 .69
0 .044 2 .1 4 0.049 4.926 1156 6 .2 7522 1.618 0.046 3.693 1178 24.4 6.461 25.03 - 1 .9
0.057 1 .79 0 .000 4.89 1156 6 .2 7489 1.416 0.000 3.609 1225 20.9 43.76 26.20 - 6 .0
0 .070 1 .19 0 2.542 1156 0 .6 7352 1.088 0 2.156 1314 8 .30 0 15.20 -1 4
IX = 9
0.006 0 .9 4 0.086 5.288 1155 6 .1 7989 0.979 0 .024 3.646 1115 - 3 .8 71.58 31.05 3 .46
0.019 2 .6 0 .111 5.142 1153 6 .2 7714 2.033 0.042 3.739 1126 21.8 62.24 27.29 2 .34
0.032 2 .48 0 .096 5.023 1153 6 .2 7563 1 .84 0.049 3.746 1147 25.9 49.19 25.42 0 .5 2
0 .044 2 .15 0 .054 4.945 1153 6 .2 7486 1.618 0.046 3.693 1178 24.6 14.32 25.32 - 2 .2
0.057 1 .79 0 .000 4.911 1154 6 .2 7454 1.416 0 .000 3.609 1225 21.0 35.46 26.51 - 6 . 2
0 .070 1 .3 2 0 3.242 1154 0 .6 7423 1.143 0 2.876 1314 13 .7 0 11.30 -14
AVG. 1 .87 0 .05 4 .70 1155 5 .2 7612 1.500 0.027 3.491 1184 16 .8 34.90 24.73 - 2 .6
WHOLE FIELD: Average 40 .1 44.60 13.96 6 .57
In 3-D sim u la tion : IX=l:Top h a lf ;  3X=9:Bottom h a lf
For th e 2-D sim u la tion , va lu es a t  IX=9 are th e immage o f K = l.
C - 7
C3. SUMMARY RESULTS OF THE PARTICLE TRACKING PROGRAM TESTING
TABLE C 3 . 1  SUMMARY OF CASE 3 .
P a r t i c l e
No .
V
m / s
w
m / s
m a ss
kg
( mv )y
k g - m / s
(mv) z 
k g - m / s
M o i s t u r e
k g / s
V o l a t i l e  M 
k g / s
N o . l  i n  
N o l .  o u t  
T r a n . t o  g a s
5 0 . 0 0
3 . 7 0
5 0 . 0 0
2 . 6 5
1 . 0 0 0 E - 0 5
6 . 4 2 6 E - 0 6
3 . 5 7 4 E - 0 6
5 . 0 0 0 E - 0 4  
2 . 3 7 8 E - 0 5  
4 . 7 6 2 E - 0 4
5 . 0 0 O E - 0 4
1 . 7 0 3 E - 0 5
4 . 8 3 0 E - 0 4
3 . 5 0 0 E - 0 6  
0 . 0 0 0 E + 0 0  
3 . 5 0 0 E - 0 6
3 . 9 0 0 E - 0 6  
3 . 3 3 1 E - 0 6  
5 . 6 8 7 E - 0 7
N o . 2 i n  
N o . 2 o u t  
T r a n . t o  g a s
5 0 . 0 0
0 . 3 8
5 0 . 0 0
2 . 6 5
1 . 0 0 0 E - O 5  
5 . 4 6 9 E - 0 6  
4 . 5 3 1 E - 0 6
5 . 0 0 0 E - 0 4  
2 . 0 7 8 E - 0 6  
4 . 9 7 9 E - 0 4
5 . 0 0 0 E - 0 4
1 . 4 4 9 E - 0 5
4 . 8 5 5 E - 0 4
3 . 5 0 0 E - 0 6  
0 . 0 0 0 E + 0 0  
3 . 5 0 0 E - 0 6
3 . 9 0 0 E - 0 6  
2 . 8 6 9 E - 0 6  
1 . 0 3 1 E - 0 6
N o . 3 i n  
N o . 3 o u t  
T r a n . t o  g a s
5 0 . 0 0
0 . 2 6
5 0 . 0 0
1 . 3 9
1 . 0 0 0 E - 0 5
4 . 8 5 4 E - 0 6
5 . 1 4 6 E - 0 6
5 . 0 0 0 E - 0 4  
1 . 2 6 2 E - 0 6  
4 . 9 8 7 E - 0 4
5 . 0 0 0 E - 0 4  
1 . 7 5 4 E - 0 6  
4 . 9 8 2 E - 0 4
3 . 5 0 0 E - 0 6
0 . 0 0 0 E + 0 0
3 . 5 0 0 E - 0 6
3 . 9 0 0 E - 0 6
2 . 2 5 3 E - 0 6
1 . 6 4 7 E - 0 6
Sum t r a n .  
C om puted  
% e r r o r
1 . 3 2 5 E - 0 5
1 . 3 7 5 E - 0 5
- 3 . 7 7
1 . 4 7 3 E - 0 3
1 . 4 9 4 E - 0 3
- 1 . 4 3
1 . 4 6 7 E - 0 3
1 . 4 5 0 E - 0 3
1 . 1 4
1 . 0 5 0 E - 0 5
1 . 0 5 0 E - 0 5
0 . 0 0
3 . 2 4 6 E - 0 6  
3 . 2 4 5 E - 0 6  
0 . 0 3
TABLE C 3 . 2 SUMMARY OF CASE 4 .
P a r t i c l e
No .
V
m / s
w
m / s
m ass
kg
(mv )y
k g - m / s
(mv) z 
k g - m / s
M o i s t u r e
k g / s
V o l a t i l e  M 
k g / s
N o . l  i n  
N o l'. o u t  
T r a n . t o  g a s
5 0 . 0 0
0 . 1 7
5 0 . 0 0
2 . 0 6
1 . 0 0 0 E - 0 5
6 . 2 8 7 E - 0 6
3 . 7 1 3 E - 0 6
5 . 0 0 0 E - O 4
1 . 0 6 9 E - 0 6
4 . 9 8 9 E - 0 4
5 . 0 0 O E - 0 4  
1 . 2 9 5 E - 0 5  
4 . 8 7 0 E - 0 4
3 . 5 0 0 E - 0 6
0 . 0 0 0 E + 0 0
3 . 5 0 0 E - 0 6
3 . 9 0 0 E - 0 6  
3 . 7 5 1 E - 0 6  
1 . 4 9 0 E - 0 7
N o . 2 i n  
N o . 2 o u t  
T r a n . t o  g a s
5 0 . 0 0
0 . 3 8
5 0 . 0 0
2 . 6 5
1 . 0 0 0 E - 0 5  
5 . 4 6 9 E - 0 6  
4 . 5 3 1 E - 0 6
5 . 0 0 0 E - 0 4
2 . 0 7 8 E - 0 6
4 . 9 7 9 E - 0 4
5 . 0 0 0 E - 0 4  
1 . 4 4 9 E - 0 5  
4 . 8 5 5 E - 0 4
3 . 5 0 0 E - 0 6  
0 . 0 0 0 E + 0 0  
3 . 5 0 0 E - 0 6
3 . 9 0 0 E - 0 6  
2 . 1 3 1 E - 0 6  
1 . 7 6 9 E - 0 6
N o . 3 i n  
N o . 3 o u t  
T r a n . t o  g a s
5 0 . 0 0
0 . 2 6
5 0 . 0 0
1 . 3 9
1 . 0 0 0 E - 0 5  
4 . 8 5 4 E - 0 6  
5 . 1 4 6 E - 0 6
5 . 0 0 0 E - 0 4  
1 . 2 6 2 E - 0 6  
4 . 9 8 7 E - 0 4
5 . 0 0 0 E - 0 4
1 . 7 5 4 E - 0 6
4 . 9 8 2 E - 0 4
3 . 5 0 0 E - 0 6  
0 . 0 0 0 E + 0 0  
3 . 5 0 0 E - 0 6
3 . 9 0 0 E - 0 6  
2 . 1 6 3 E - 0 6  
1 . 7 3 7 E - 0 6
Sum t r a n .  
C om puted  
% e r r o r
1 . 3 3 9 E - 0 5
1 . 4 1 3 E - 0 5
- 5 . 5 3
1 . 4 9 6 E - 0 3
1 . 4 9 8 E - 0 3
- 0 . 1 6
1 . 4 7 1 E - 0 3
1 . 4 7 1 E - 0 3
- 0 . 0 1
1 . 0 5 0 E - 0 5
1 . 0 4 9 E - 0 5
0 . 1 0
3 . 6 5 4 E - 0 6  
3 - 6 5 2 E - 0 6  
0 . 0 7
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C4 BLACK LIQUOR COMBUSTION SIMULATIONS
C4.1 SURREY UNIT MODEL
C4.1.1 DETERMINATION OF THE FIRING CONDITIONS
Considered combustion of 1 kg of black liquor 
Energy balance:
Q + V m h = V m h
c v  £  i  i  p e e
Neglected enthalpy of the influxs:
Q = m Cp (T -T ) + m Cp (T -T )
c v  g a s  g a s  A F . r e f  H 2 0  H 2 0  AF r e f
Q
T = T + r—;--r  r-AF r e f  (m  C p +  m C Pf
g a s  g a s  H20 H20
Q S x 12,180 kJ
C. V.m = (1-S) kg
H20
m = m + m
g a s e o u s  a i r  V o l a t i l e4.5339(l+ExAir)S + 0.5989xS 
Assume Cp and Cp were 1.0 and 1.8 kJ/kg-K
■ g a s  H 2 0
T _ T +  12,180______________
A F~ r e f  <1.8/S)+4.1328+ (4.5339xExAir)
Firing conditions at designed heat input of Qinput kW
' itibi = Qinput/[(sxLHV)-(l-s)xHL]
A v o i t  mbi x S x 0.5989
mH2o (l-s) mbi
it iA ir  ~ (1+ExAir) xAFxSxmbi
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C 4 . 1 . 2  TH E T Y P IC A L  IN P U T  F I L E  ( Q l)
2x12x11 model; 1/32 oi. Isotherm model to explore effects to black liquor particles.
The vertex combustor is installed at The University of Surrey.
Fuel is assume to be GAS in flow simulation. Fuel and particles are treated separately by PSI-CELL. 
TALK"T;RUN( 1, 1);VDU=SCREEN
GROUP 1. Run t it le  and other preliminaries 
TEXT(VORTEX-COMBUSTOR:BL. -PSI)
THE VORTEX COMBUSTOR GEOMETRY
CL = Combustor can length = 0.655 m ELH= Exhaust pipe length = 0.30 m
CO = Combustor can diametre = 0.508 m EHD= Exhaust pice diametre = 0.152 m
PO =' Pilot pipe diametre s 0.050 m
ZN1= No. of Z-grid in can = 8 NYN= No. of Y-grid in exhaust pipe = 6
REAL(CL,EHl,ETL,CD,EHD,PD) ; INTEGER(NYN,ZN1,ZN2);CL=.655,EHL=.30;CD=.508,EHD=,152,PD=.050
AIR 4 NATURAL GAS INLET
■ QINP = Heat input U EXAIR = SExcess air/100
S = Solids content of BL LHV = Lower heating value of BL
AF = Air/Fuel ratio of BL solids MAIR = Tangential(secondary) air mass flow rate;
VT = Tangential air velocity MBL = Black Lquor mass flow rate
VBL = Radial velocity of BL spray m/s WBL = Axial velocity of BL spray m/s
Operating temp.*1400 (Adam- figl7 ave § 5m]
REAL(QINP,EXAIR,S,LHV,AF,HL);REAL(VT,MAIR);REAL(MBL,VBL,WBL);LHV=1.2180E7;AF=4.5339, HL=2.240E6 
OINP=100.0E3;EXAIR=,8;S=.65;MBLsQINP/ (LHV*S) ' . ;MAIR=(UEXAIR)*AF*S*MBl;VT=32.9*MAIR
Assume 50 m/s 60 degree spray ang. (30 from horiz.)
VBLS25.;HBL243.3;REAL(TADIA,GASDEN);TADIA=298+(12180/((1.8/S)+4.1328+(4.5339*EXAIR)) ) ;GASOEN=100/(.287*TADIA) 
REAL(PI, TPIN,YPORT, ZPORT,6SI6HA 14159
GROUP 2. Transience; time-step specification 
CARTES=F,XCYCLE=T,STEADY=T
GROUP 3. X-direction grid specification 
NX=I;XFRAC(l)=-NX;XFRAC(2)=2*PI/32
GROUP 4. Y-direction grid specification 
NY=12;NYN=6;YFRAC(l)=-NYN;YFRAC(2}=(EHD/2)/NYN;YFRAC(3)=NY-NYN;YFRAC(4)=(CD-EHD)/2/(NY-NYN)
GROUP 5. Z-direction grid specification 
NZ=1I;ZN1=8;ZN2=NZ-ZN1:ZFRAC(1)=-ZN1 ;ZFRAC(2)=CL/ZN1;ZFRAC(3)=ZN2;ZFRAC(4)=EHL/ZN2 
GROUP 6. Body-fitted coordinates or grid distortion 
GROUP 7. Variables stored, solved 4 named 
SOLVE(Pl,Ul,VI, W1);SOLVE(AIR,FUEL);STORE(H20,VOLT,VLTF,HEAT);STORE(RHOl,TMP1,OUOY]
GROUP 8. Terms (in differential equations) & devices 
GROUP 9. Properties of the medium (or media)
ENUL=1.172E-4;ENUT=GRND2;EL1=GRND1;EL IA=CD/30 
TMP1=GRND1;TMPIA=TADIA;RHO1=GRND4;RHO1A=GASDEN;PRESS0=1.0E5;TEMP0=273.
GROUP 10. Inter-phase-transfer processes and properties 
GROUP I I .  Initialization of variable or porosity fields 
RESTRT(ALL)
GROUP 12. Convection and diffusion adjustments 
GROUP 13. Boundary conditions and special sources 
Blockage arround the exhauxt 
CONPOR(0.0,VOLUME,1,NX,NYN+1,NY,ZN1+1,NZ)
Gases input in FRACTION 
Tangential air inlet 
CONPOR(0.7,VOLUME,1,1,NY,NY,1,ZN1);PATCH(SECAIR,CELL,1,1,NY,NY,1,ZN1,1,1)
C0VAL(SECAIR,P1,FIXFLU,MAIR/(ZN1*32)) ;C0VAL(SECAIR,U1,ONLYMS,VT);COVAL(SECAIR,AIR,ONLYMS,1.0)
Black liquor atomiser
CONPOR(0.01, VOLUME, 1,1,1,1,1,1);PATCH(BLSPRAY,CELL. 1,1,1,1,1,1,1,1) ;C0VAL(BLSPRAY,P1,FIXFLU,MBl/32)
COVAL(BLSPRAY,FUEL,ONLYMS,1.0);C0VAL{8LSPRAY,VI,ONLYMS,VBL);COVAL(BLSPRAY, 141,ONLYMS,W8L)
Exit
PATCH(EXIT,HIGH,1,NX,l,NYN,NZ,NZ,i,11;COVAL(EXIT,Pl.FIXP,0.0)
GROUP 14.' Oownstream pressure for PARAB=.TRUE.
GROUP 15. Termination of sweeps 
GROUP 16. Termination of iterations
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GROUP 17. Under-relaxation devices 
RELAX(U1,FAL3DT,1 .0E-2) ;RELAX(W1,FALSDT,1.0E-2);RELAX(VI,FALSDT,1.0E-2)
GROUP. 18. Limits on variables or increments to them 
VARMIN(Pl)=-i.0E5;VARMAX(Pl)=1.0E4;VARMIN(Ul)=0.0;VARMAX(Ul)=20,;VARMIN(VI)=-10.0;VARMAX(VI)=10. 
VARMIN(W1)=-25.0;VARMAX(W1)=50.
GROUP 19. Data communicated by satellite to GROUND
************ THE PSI-CELL INPUT INFORMATION ************
NAMGRD=PART;USEGRX=T;USEGRD=T
PSICEL CONTROL PARAMETERS RG(ll-20)
RG(ll) = FREQ. OF SWEEPS TO CALL PSICELL RG(12) = NUMBER OF PARTICLE [NPORTS]
RG(13) = MAXIMUM NUMBER OF PARTICLE STEPS RG(U) = PARTICLE TIMESTEP, sec
RG(15) = MINIMUM PARTICLE TIMESTEP, sec RG(16) = LSWEEP
RG(12)“6;RG(13)=250;RG(U)=.05;RG(15)-1.0E-2
RG(17) = 1 : ACTIVATE MONITOR TRACING OF GROUPS RG(18) = 1 :FOR PSI-CELL RESTART:VISIT PSICEL FIRST 
RG(17)=8.;RG(18)-0.
GENERAL RG(21-29)
GRAVITATIONAL COMPONENTS (X.Y/Z,-DIRECTION)
RG{21)=0.;RG(22)=9.81;RG(23)-0.
RG(29) = Mu = Nu*Rho N2 at 1000 K 
RG(24)=ENUL;RG(29)=ENUL*0.3412 
Block Area of the exit 
RG(25)=(NYN+1);RG(26)=(ZN1+1)
Emissivity of GASphase AND Black Liquor droplet 
RG(27)=.8;RG(28)=.8
BLACK LIQUOR PROPERTY RG(30-50)
RG(30) = DENSITY OF INCOMING PARTICLES, kg/m3 RG(31) = TEMPERATURE OF INCOMING PARTICLES, C 
RG(32) = MASS FRACTION OF H20 IN THE BLACK LIQUOR RG{33) = MASS FRACTION OF VOLATILE MATTER IN THE B.L.
RG(34) = MASS FRACTION OF CARBON (CHAR) IN THE B.L.
RG(30)=1300;RG(31)=120.;RG(32)=. 35.0;RG(33) =. 6;RG (34) =. 06
RG(35)=Particle temp, at drying *C RG(36)=Particle temp, at pyrolysis °C
RG(37)=Particle temp, at char burning *C RG(38)=Particle temp, of ash 8C
RG(35)=150;RG(36)=400;RG(37)=600;RG(38)=850
RG(40)=Swelling ratio of D drying:Do RG(41)=Swelling ratio of D pyro:Do
RG(42)=Sweliing ratio of D char:Do . RG(43)=Swelling ratio of D ash:Do
RG(40)=1.2;RG(41)=2.2;RG(42)=2.2;RG(43)=0.2
RG(50-70) Gas combustiom properties 
RG(50)=Reaction rate factor for DRYING (Heat) RG(51)=Reaction rate factor for DRYING (Arrehnius’ )
RG(52)-Reaction rate factor for PYROLYSIS RG(53)=Reaction rate factor for CHAR COMB.
RG(54)2Reaction rate factor for GASES [CEBU]
RG(50)=1.0;RG(51)=1.;RG(52)=1.;RG(53)-1,;RG(54)*.15
RG(56)-Stochiometric A/F of volatile gases RG(57)=1/(1+STI0C) RG(58)=LHV of the volatile gases 
RG(56h6.9336;RG(57M./(l.+RG(56));RG(58)=1.8936E7
Gas phase Molecular wt & Cp RG(60-63) M of VOLT,AIR,PROD & H20 
RG(60)=30.;RG(6i}=28.97;RG(62)=28.97;RG(63)-18.0 
RG(65-68) Cp of VOLT,AIR,PROD & H20 J/kg K 
RG(65)=1.2E3;RG(65)=1.E3;RG(67)=1.2E3;RG(68)=1.80E3
INFORMATION AT INLET PORTS R6(100-400) 10 for each port 
ZPORT=.01;YPORT=.001
PORT NO.1 RG(101)=MSDOT(1),RG(102)=DIAP(1)
RG(101)=1.E-8;RG(102)=1.0E-6 
VELOCITY COMPONENTS (u.v.w)
RG(103)=0.;RG(104)=VBL;RG(105)=WBL
INLET POLAR COORDINATES fxp(rad],yp(m],zp[m])
RG(106)=0.0001;RG(107)=YPORT;RG(108)=ZPORT
PORT NO.2 RG(lll)=MSDOT(2),RG(112)=DIAP(2)
RG(111)=1.E-8;RG(112)=10.E-6 
VELOCITY COMPONENTS (u,v,w)
RG(113)=0.;RG(114)=VBL;RG(115)=WBL
INLET POLAR COORDINATES (xp[rad],yp(m],zp[in])
RG(116)=.05;RG(117)=YPORT;RG(118)=ZPORT
PORT NO.3 RG(121)=MSD0T(1),RG(122)=DIAP(1)
RG(121)=l.E-8jRG(122)=20.0E-6 
VELOCITY COMPONENTS (u.v,w)
RG(123)=0.;RG(124)=VBL;RG(125)=WBL
INLET POLAR COORDINATES (xp[rad] ,yp(m3.zp(m])
RG(126)=0.0001;RG(127)=YPORT;RG(128)=ZP0RT
PORT NO.4 ' RG(131)=M$DOT(1),RG(132)=01AP(1)
RG(131)=1.E-8;RG(132)=50.0E-6 
VELOCITY COMPONENTS (u,v,w)
RG(133)=0. ;RG(134)=VBL;RG(135)=WBL
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INLET POLAR COORDINATES (xp[rad] ,yp[m] ,zp[m])
RG(136)=0.0001;R6(137)=YPORT;RG(138)=ZPORT
PORT NO.5 RG(141)=MSD0T(l),RG(142)=DIAP(l)
RG(141)=l.E-8{RG(142)=100.0E-6 
VELOCITY COMPONENTS (u,v,g)
RG(143)-0.;RG(144)=VBL;RG(145)=H8L
INLET POLAR COORDINATES (xp[rad],yp(m],2 p[m]) ■
RG(146)=0.0001;RG(147)=YPORT;RG(148)=ZPORT
PORT NO.6 RG(l5l)=MSDOT(i),RG(152)=DIAP(l)
RG(151)=1.E-8;RG(152)=200.0E-6 
VELOCITY COMPONENTS (u,v,g)
RG(153)-0.;RG(154)=VBL;RG(155)=UBL
INLET POLAR COORDINATES (xptrad],yp[tn], zp[ it»])
RG(156)=0.0001;RG(157)=YPORT;RG(158)=ZPORT 
GROUP 20. Preliminary print-out 
GROUP 21. Print-out of variables 
ECH0=F;IXPRL=1
OUTPUT(HEAT,Y.Y,Y,Y,Y,Y){OUTPUT(PROD,N,Y,Y,Y,Y,Y);OUTPUT(AIR,N,Y,Y,Y,Y,Y){OUTPUT(FUEL,N,Y,Y,Y,Y,Y); 
OUTPUT(VOLT.N,Y,Y,Y,Y,Y){OUTPUT(VLTF,N,Y,Y,Y,Y,Y){OUTPUT(RH01,N,Y,Y,Y,Y,Y){OUTPUT(TMP1,N,Y,Y, Y,Y,Y) 
OUTPUT(EP,N,Y,Y,Y,Y,Y){OUTPUT(KE.N,Y,Y,Y,Y,Y);OUTPUT(Pl,N,Y,Y,Y,Y,Y){OUTPUT(U1,N,Y,Y,Y,Y,Y)
OUTPUT(VI,N,Y,Y,Y,Y,Y){OUTPUT(HI,N,Y,Y,Y,Y,Y)
Contour plot 
NROHCO=30
PATCH(CONXl,CONTUR, 1,1,1,NY, 1,NZ,1,1){PLOT(CONX1,P1,0.0,10){PLOT(CONX1.U1,0.0,10)
PLOT(CONX1,VI,0.0,10)jPLOT(CONXl,Hl,0.0,10);PLOT(CONX1,AIR,0.0,10){PLOT(CONX1,FUEL,0.0,10)
Tabular
IPR0F=2
PATCH(TABZ2,PR0FIL,1,1,1,NY,2,2,1,1){PLOT(TABZ2,P1,0.0,0.0);PLOT(TABZ2,U1,0.0,0.0)
PL0T(TABZ2,V1,0.0,0.0);PLOT(TABZ2,Ul,0 .0 ,0.0);PLOT(TABZ2,AIR,0.0,0,0)
PATCH(TABZ4,PR0FIL.1,1,1,NY,4,4,1,1);PLOT(TABZ4,Pl,0.0,0.0);PLOT(TABZ4, Ul, 0.0,0.0)
PLOT(TABZ4,VI,0,0,0.0){PLOT(TABZ4,U1,0.0,0.0);PLOT(TABZ4,AIR,0.0,0.0)
PATCH(TABZ6,PR0FIL,1,1,1,NY,6,6,1,1);PLOT(TABZ6,P1,0.0,0.0);PLOT(TABZ6,U1,0.0,0.0) 
PLOT(TABZ6,V1,0.0,0.0);PLOT(TABZ6,W1,0.0,0.0);PLOT(TABZ6,AIR,0.0,0.0)
PATCH(TABZ8,PR0FIL,1,1,1,NY,8,8,1,1);PLOT(TABZ8,P1,0.0,0.0);PLOT(TA8Z8,U1,0.0,0.0)
PLOT(TABZ8,VI,0.0,0.0){PLOT(TABZ8,HI,0.0,0,0){PLOT(TABZ8,AIR,0.0,0.0)
PATCH(TABZ10,PROFIL,1,1,1,NY,10,10,1,1){PLOT(TABZ10,P1,0.0,0.0);PLOT(TABZ10,U1,0.0,0.0)
PLOT(TABZ10,V1,0.0,0.0);PLOT(TABZ10,HI,0 .0 ,0.0){PLOT(TABZ10,AIR,0.0,0.0)
GROUP 22. Spot-value print-out 
GROUP 23. Field print-out and plot control 
GROUP 24. Dumps for restarts 
IG{1)=100;FSHEEP=1;LSHEEP=1200;RG(16)=LSHEEP 
STOP
SUMMARY OF THE SURREY UNIT SIMULATION SERIES
Fixed spray angle at 60 Particle no. Init.drop sizef/t4m
Simulation #1 Simulation #2 Simulation #3
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C4 * 2 THE MODIFIED SURREY UNIT MODEL
C4.2.1 Parts of the Ql file that were altered from the 
Ql of the Surrey unit model*
1x12x17 model? X=64/2Pi;
Isotherm model to explore BL particle effect 
vertex combustor MODIFIED U. of Surrey unit 
length = 3 times of original 
tangential air supplied at first 1/3 L only 
Fuel is assume to be GAS in flow simulation 
Fuel particles are treated separately by PSI-CELL 
***** With PARTICLE TRACING ******** 
*************** Materials omitted **************** 
THE VORTEX COMBUSTOR GEOMETRY
CL = Combustor can length = 1.965 m
ELH= Exhaust pipe length =0.20 m
CD = Combustor can diametre = 0.508 m
EHD= Exhaust pipe diametre = 0.254 m CD/2
PD = Pilot pipe diametre = 0.050 m
Grid geometry:
ZN1= No. of Z-grid in can = 15 
NYN= No. of Y-grid in exhaust pipe = 4 
REAL(CL,EHL,ETL,CD,EHD,PD);INTEGER(NYN,ZN1,ZN2)
CL=1.965,EHL=.20;CD=.508,EHD=CD/2,PD=.050************** Materials omitted ****************
GROUP 5. Z-direction grid specification 
NZ=17? ZN1=15;ZN2=NZ-ZN1 
ZFRAC(1)=-ZNl? ZFRAC(2)=CL/ZN1 
ZFRAC(3)=ZN2? ZFRAC(4)=EHL/ZN2
GROUP 13. Boundary conditions and special sources 
Tangential air inlet .
CONPOR(0.7,VOLUME,1,1,NY,NY,1,5)
PATCH(SECAIR,CELL,1,1,NY,NY, 1, 5 ,1,1)
COVAL(SECAIR,Pl,FIXFLU,MAIR/(5*32));COVAL(SECAIR,Ul,ONLYMS,VT) 
COVAL(SECAIR,AIR,ONLYMS,1.0);COVAL(SECAIR,KE,ONLYMS,10.) *********** Materials omitted **********
SUMMARY OF THE MODIFIED SURREY UNIT SIMULATION SERIES
Fixed initial particle velocity at 30 m/s
Particle no. 1 2 3 4 5 6
Init.drop size, jam 20 50 80 100 150 200
spray angle ( from horizontal) 
Simulation #1 60 30
Simulation #2 90 45
Simulation #3 120 60
C4.2.
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C4.3 THE THAI POLYPHOSPHATE (TPP) UNIT MODEL
C4.3.1 Parts of Ql file that were changed from the 
Surrey unit model.
******************** TPP model ********************* 
******************* Materials omitted ******************
THE VORTEX COMBUSTOR GEOMETRY
CL = Combustor can length - 1.740 i
ELH= Exhaust pipe length =0.30 m
CD = Combustor can diametre = 1.292 m
EHD= Exhaust pipe diametre = 0.406 m
PD = Pilot pipe diametre = 0.050 m
Grid geometry:
ZN1= No. of Z-grid in can = 8 
NYN= No. of Y-grid in exhaust pipe = 4
R E A L (C L  f E H L , E T L , C D , E H D f P D ) ; IN T E G E R (N Y N , Z N 1 r Z N 2 )
CL=1.740,EHL=.50 ? CD=1. 292,EHD=.406,PD=.050
******************* Materials omitted ******************
SUMMARY OF THE TPP UNIT SIMULATION SERIES
Fixed initial particle velocity at 30 m/s
Particle no. 1 2 3 4  5 6
Init.drop size, yum 20 50 80 100 150 200
spray angle ( from horizontal) 
Simulation #1 , 60 30
Simulation #2 90 45
Simulation #3 120 60
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C4.4 THE MODIFIED TPP UNIT MODEL.
C4.4.1 Parts of Q1 file which were changed from 
the TPP unit model.
Modified TPP model : add 2nd slagging section 
****** with PARTICLE TRACING ******** 1 
***************** Mattrials omitted **************
THE VORTEX COMBUSTOR GEOMETRY
CL = Combustor can length = 1.740 m
CLX= Extened can length = CL/4
ELH= Exhaust pipe length =0.30 m
CD = Combustor can diametre = 1.292 m
EHD= Exhaust pipe diametre = 0.406 m
PD = Pilot pipe diametre = 0.050 m
Grid geometry:
ZN1= No.of Z-grid in orignal can = 8
ZN2= No.of Z-grid in combustion can = 16 
NYN= No. of Y-grid in exhaust pipe = 4
REAL(CL,CLX,EHL,ETL,CD,EHD,PD);INTEGER(NYN,ZN1,ZN2)
CL=1.740,CLX=CL/4.,EHL=.30;CD=1.292,EHD=.406,PD=.050
***************** Mattrials omitted **************
GROUP 5. Z-direction grid specification 
NZ=18;ZN1=8;ZN2=16
ZFRAC(1)=-ZNl;ZFRAC(2)=CL/ZN1 Q
ZFRAC(3)=ZN2-ZN1;ZFRAC(4)=CLX/(ZN2-ZN1)
ZFRAC(5)=NZ~ZN2;ZFRAC(6)=EHL/(NZ-ZN2)
***************** Mattrials omitted **************
GROUP 13. Boundary conditions and special sources 
Tangential air inlet 
CONPOR(0.4,VOLUME,1,1,NY,NY,1,ZN1)
PATCH(SECAIR,CELL,1,1,NY,NY,1,ZN1,1,1)
COVAL(SECAIR,PI,FIXFLU,MAIR/(ZN1* 32))
COVAL(SECAIR,U1,ONLYMS,VT)? COVAL(SECAIR,AIR,ONLYMS,1.0) 
***************** Mattrials omitted **************
SUMMARY OF THE MODIFIED TPP UNIT SIMULATION SERIES
Fixed initial particle velocity at 30 m/s
Particle no. 1 2 3 4 5  6
Init.drop size,yum 20 50 80 100 150 200
spray angle ( from horizontal) 
Simulation #1 30 15
Simulation #2 60 30
Simulation #3 90 45
Simulation #4 ,120 60
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APPENDIX D 
EXPERIMENTAL EQUIPMENTS
D1 DATA LOGGER SYSTEM
Dl.l HARDWARE
The following hardware are utilised in the data logger 
system
a) Microcomputer An IBM-PC compatible
microcomputer with at lease two expansion slots is 
required. The monitoring data are recorded in a hard or 
floppy disk as required and are displayed on the 
computer screen.
b) Thermocouple board An Amplicon PC-73
thermocouple amplifier card was used. Eight
thermocouple lines can be monitored. Thermocouple types 
J,K,T,B,R, and S can be used, however this system only 
use type K.
c) AD/DA card An Amplicon PC-30 analog
to digital/digital to analog (AD/DA) converter board was 
used. The card converts the analog signals from the 
instruments into digital signal, the signals understand 
by the computer.
d) Amplifiers Signals from instruments, if
not in the appropriate range, are needed to be 
conditioned. The suitable range for the PC-30 interface 
board is 0-10 Vdc. Generally, the signals are direct 
current but amplitude may be in the scale of milli-volt, 
therefore, needed to be amplified.
The two interface boards were installed in expansion 
slots in the microcomputer. The amplifiers were 
incorporated in one box for convenient.
D1.2 SOFTWARE
The following software are employed:
a) DOS (IBM or MS) The operating system of
D-l
the microcomputer.
b) GW-BASIC interpreter 
written in BASIC language and 
was used.
c) Data logger programs consisting of:
As the programs were 
the GW-BASIC interpreter
- THERMOCO.BIN
LOGGER.BAS 
LOGPRO.BAS 
LOGGER.BAT
the scanning routine program for 
the PC-73 card (supplied by the 
manufacturer).
the logo program written in BASIC, 
the main program written in BASIC, 
the batch file, used to simplify 
the procedure of ’calling' the 
program.
All of these program (except DOS) must be installed in 
the same sub-directory. Listing of the data logger 
programs are given in Appendix D3, together with a flow 
diagram of the main program.
D1.3 OPERATION
The data logger program is called by simply type LOGGER 
on the computer keyboard. As the program has been 
written for ease of use, it can be run merely by 
following the instructions displayed on the screen.
If the system is being used for the first. time with a 
new instrument, it may be necessary to change, certain 
default settings. This is achieved by accessing the 
relevant parts in the beginning of the main program 
LOGPRO.BAS. After changing the settings, the program 
should again be saved in the name LOGPRO.
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D2U DATA LOGGER PROGRAM FLOW CHART
SETUP 
— ~l---
input 
i n f o r .
— i—
C h e c k
logging
p e r i o d
T
m a m  menu
TEST
“ T ”
SUB MENU
THERMO
AD
MAI N
RUN
I
R e c o r d  
i n f o r . 
to file
To DOS
I
SYSTEM
I
EXIT
"I
QUIT
I
END
SYSTEM
MAIN MENU
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A P P E N D I X  E
EXPERIMENTAL RESULTS
El THE ANALYSIS OF THE COMBUSTION OF NATURAL GAS
El.l DETERMINATION OF AIR REQUIRED
The calculations are based on back-end oxygen content
and assume that the fuel is methane. The theoretical
combustion equation is:
CH +20 +2x3. 76N--»C0 +2H 0+7. 52N (1)
4 2 2  2  2  2
Air-fuel ratio = 2 x x = 17.2372
4
At x % (dry basis) of 0^ at back end gases the
combustion equation is :
CH + (2+a) 0 + (2+a) x3 . 76 N  >
4 2 2
CO + 2 H 0 + a 0 + (2+a)x3.76 N (2)2 2 2 2
, , a . 100 a
t h e n  x -  x + a + l ( 2 + a ) x 3 . 7 6 } x l  “ 8 . 5 2  + 4 . 7 6 a
8.52 x 
a ” 100 - 4 . 7 6 “ (3) 
kmol airExcess air = 4.76 a T S S T ch
(4.76 a) (28.97)
=  1?-------
= 8 .6 1 8 6  a *gkg CH ()
4
E-l
Total air flow rate at x% 0 = Air + Air2 theory
= 17.2372 + 8.6186 a kg air ka CH
Air flow rate = m (17.2372 + 8.6186 a) (5)r*H
4
El.2 ENERGY BALANCE
Heat input m x CV
CH CH
51,163(kJ/kg) x & (kg/s)
cnA
Heat output m x CP v (T - T )
p r o d  p r o d  p r o d  r e f
m
C p C p
p r o d  N
r e f
m + m
C H  a i rA
1.0416
15
kJ 
TccT K
Hence Heat output 1.0416 x m x (T - 15) kWprod 2
Energy loss = Heat input - Heat output
% Energy loss Energy loss Heat input x 100 %
E2 ESTIMATION OF EXCESS AIR FOR MIXED FUEL COMBUSTION
From gas analysis the excess air can be estimated by 
simplification as follow. Consider flue gas contains 
only oxygen, carbon dioxide, moisture, and the remaining 
is nitrogen. The dried flue gases were analysed by the
instruments and %0 and %C0 are obtained. Hence 1002 2
moles of dried flue erases contain:
E -2
a 0 + b2
Therefore, combustion air =
excess air =
Hence, % excess air =
E3 ANALYSIS OF THE KEROSENE COMBUSTION TRIALS
The calculations of excess air are that shown in section 
E2 above. The determination of heat balance were 
carried out in the same fashion as of natural gas 
illustrated in section El, by adding the kerosene 
portion into the equations. Kerosene has net heating 
value of 43,346 kJ/kg. As a result, the following items 
can be determined as shown in the table below:
TABLE E3.1 Kerosene combustion trial results
RUN No. 1 2 3 4
FIRING CONDITION:
Kerosene kg/hr 5.7 7.88 8.97 8.83
Nat.gas kg/hr 2.2025 2.2025 2.2025 2.2025
Steam kg/hr 2.5 2.5 2.5 2.5
FLUE GAS ANALYSIS:
02 % 12.4 12. 8 12.7 12.5
C02 % 5.2 2.9 3.7 5.8
CO ppm 53 47 65 52
Temp. C 945 950 950 930
Air req1 kg/hr 280.44 358.45 396.05 395.01
Excess Air % 130.3 133.1 133.2 135.4
HEAT BALANCE:
INPUT:
Kerosene kW 68.63 94.88 108.00 106.32
Nat. gas kW 31.30 . 31.30 31.30 31.30
Total kW 99.93 126.18 139.31 137.62
OUT PUT kW 78.26 100.37 110.84 108.16
LOSS % 21.69 20.45 20.43 21.41
EFFICIENCY % 78.31 79.55 79.57 78.59
E -3
CO + c N2 2
(c-3.76a) x |~|
4.76a
4.76a 3.76
(c-3.76a) X 4.76 
3.76a 
(c-3.76a)
E4 ANALYSIS OF THE BLACK LIQUOR COMBUSTION TRIAL
The firing data:
Black liquor flow rate 
pressure 
Atomizing steam pressure 
Natural gas flow rate 
Average Results:
Flue gas analysis: 0^12.8%, C02=4.7%, CO=66 ppm
Solids residue 182 gm : 76.27% C, 5.05% H ,18.68% others2
11.6 kg/hr 
60-70 psig
4 Bar
2.2025 kg/hr
HEAT INPUT: Black liquor 11.6x0.686x12,180
26.92 kW
Therefore, 
EXCESS AIR
Natural gas =
supporting fuel =
3600
2.202 
3600 
31.30 x 100
x51,163 = 31.30 kW 
53.8%(26.92+31.30)
3.76 x 12.8
82.5-(3.76x12.8) x 100 = 140.0%
UNBURNT CARBON:
Assume steady state throughout the 30 minutes run and no 
deposit within the combustor:
Total carbon input = |~^|x0.686x0.3332x1800
Carbon in residue = 0.7627x0.182
0.1388Unburnt carbon =
Carbon conversion efficiency
1.3210X100
SALTS LOSS:
Total salts input = |~±|x0.686x0.6668x18003600'
Salts in residue 
Loss
0.182-0.1388
2.6531-0.0432 
2.6631 xl00
a 1.3210 kg
a 0.1388 kg
= 10.51 %
= 89.49 %
= 2.6531 kg 
= 0.0432 kg
= 98.37 %
E-4
E5
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E 5 .3  SUMMARY RESULTS OF NATURAL GAS COMBUSTION
■--r
GAS!
iitti_ i.
Terap. C 
TI T2
AIR 02 FLOW m/s %
C02
%
CO
ppm
! AIR ! FLOW | kg/s
GAS % FLOW EXCESS kg/s AIR
Qin
kW
Qout Qloss Qloss 
kW kW %
160!t 84 301 18 19.3 1.5 81 17.6776E-02 4.0786E-04 992 20.9 22.2 -1.3 -6.3
601i 63 316 12 18.2 0.3 90 I4.7185E-02 4.0786E-04 571 20.9 14.4 6.4 30.9
60!i 71 326 6.2 16.4 2.8 63 I2.9701E-02 4.0786E-04 322 20.9 9.4 11.4 54.8
60!
iii
133 278 0.8 12.9 4.8 90 jl.6974E-02 4.0786E-04 141 20.9 4.6 16.3 78.0
80 i 1 60 271 26 19.3 1.0 119 I1.0295E-01 5.4382E-04 998 27.8 26.5 1.3 4.7
80! 44 267 20 18.8 0.5 105 '8.0791E-02 5.4382E-04 762 27.8 20.5 7.3 26.3
80! 47 336 11 16.6 0.9 93 {4.0738E-02| 5.4382E-04 335 27.8 13.4 14.5 51.9
80!
i
140 321 1.2 10.8 2.7 786 I1.8277E-02i 5.4382E-04 95 27.8 5.8 22.0 79.1
80!
ii!
208 308 1 9.0 3.7 462 j1.5686E—02111
5.4382E-04 67 27.8 •4.8 23.0 82.8
1
100!
i
65 383 1 1 15.7 1.4 40
1
!4.2363E-021 , 6.7977E-04 262 34.8 16.1 18.7 53.9
100!
i
170 435 3.5 12.9 4.5 23 I2.8317E-021 6.7977E-04 142 34.8 12.4 22.4 64.4
100!
i
102 366 18 17.7 1.7 73 !6.8584E-021 6.7977E-04 485 34.8 24.6 10.2 29.3
100! 62 311 21 18.5 1.3 99 J8.8767E-02i 6.7977E-04 658 34.8 26.6 8 .1 23.4
100!
i
_ i 43 269 28 19.0 0.9 131 '1.0957E-011111
6.7977E-04 835 34.8 28.0 6.8 19.4
12©!1 ‘44 282 29 18.8 1 .2
t138!1
!!1.1854E-011 8.1572E-04 743 41.7 31.9 9.8 23.4
120!i 43 342 15 17.3 2 .1 109!1I7.2958E-021 8.1572E-04 419 41.7 24.4 17.4 41.6
120!i 59 394 15 15.9 1.9 79!1'5.3228E-02j 8.1572E-04 279 41.7 20.8 21.0 50.2
120!107 461 7.7 12.2 4.7 23!1{3.1604E-021 8.1572E-04 125 41.7 14.7 27.0 64.7
120!
i
198 471 3.2 8.7 6.0 309!112.2903E-02| 8.1572E-04 63 41.7 11.0 30.7 73.6
120!iii
311 486 1.7 6.7 5.4 182!1t11
J1.9953E—021111
8.1572E-04 42 41.7 10.0 31.8 76.1
140!
i
40 333 25 17.6 1.8
1
132!
i
1
'} 9-22X3E—02
j
9.5168E-04 462 48.7 29.9 18.8 38.6
1401i 49 370 22 17.0 1.5 94!1'7.8321E-021 9.5168E-04 377 48.7 28.5 20.2 41.5
1401
i
60 417 17 15.8 2.7 68!1!6.1322E-021 9.5168E-04 274 48.7 25.4 23.3 47.8
140!
i
84 483 9.6 13:7 2.8 271
1I4.4118E-021 9.5168E-04 169 48.7 21.5 27.2 55.8
140!i194 531 2.5 7.5 5.4 254!1{2.4540E-02t 9.5168E-04 50 48.7 13.4 35.3 72.4
140! 363 532 1 .2 3.2 7.9 1370!1!1.8994E-021 9.5168E-04 16 48.7 10.5 38.2 78.4
140!iii
- -  j-
228 502 12 14.4 2.4 24!
111
'4.8161E-021111
9.5168E-04 194 48.7
1
__________
24.4 24.3 49.9
Tl= Can wall, T2= Exhaust gases
E -12
E 6 .1  K e ro s e n e  #1
RUN TEMP . C AIR 02 C02 COTIME FLOW REMARKS(min) TI T2 m/s % % ppm
0.0 26 , 26 0 21 0.7 01.0 103 475 8.2 18 1.7 52.7 Pilot OK2.0 104 489 7.8 17 3.3 46.3 gas reading 903.0 109 489 7.8 18 2.7 54.34.0 111 499 7.7 18 4.2 44.35.0 94 477 7.8 18 2 48 Steam in6.0 92 479 7.7 18 1.3 45.3 “2.5 kg/hr7.0 110 514 7.3 18 4.1 46.9 Kerosene in8.0 450 607 8 15 3.1 43.1 “6 kg/hr9.0 122 514 9.6 18 1.8 47.610.0 109 514 9.3 18 1.4 53.9 Pressure:11.0 108 514 9.6 18 2.3 50.2 steam 30 psig12.0 107 518 9 18 0.9 51.5 kero 20 psig13.0 106 520 9.3 18 3.6 50.114.0 74 489 9.3 18 1.4 51.815.0 90 489 9.1 18 1.7 63.4 Bright orange16.0 92 483 9.3 18 2.3 64.4 flame “3/4 of17.0 93 480 9.2 18 1.8 63.5 combustor len.18.0 93 470 9.2 18 3.2 66.7 Fuel reading:19.0 96 490 9.1 18 1.7 70.1 (kg/hr)20.0 431 783 8.2 13 6.6 88.8 1 5.821.0 481 860 8.5 11 5.2 107 2 5.722.0 505 876 8.5 11 6.4 78.3 3 5.823.0 500 845 8.5 12 5.4 66.1 4 5.624.0 527 893 0 12 5.2 69.5 5 5.725.0 557 902 0 12 5.3 63.6 6 5.726.0 570 908 0 11 5.6 64.1 7 5.627.0 585 912 0 11 5.7 52.3 8 5.728.0 605 926 8 12 5.8 48.6 9 5.829.0 620 933 8.2 11 6 .6 47.8 10 5.630.0 634 934 8.4 11 6.2 48.831.0 645 938 8.4 11 8 47.2 Avg 5.732.0 650 949 8.4 12 5.9 49.8 — ..33.0 649 943 8.1 12 6.3 47.934.0 653 946 7.9 11 5.9 50.435.0 668 952 8.1 11 8.1 5036.0 661 946 7.9 12 6 49.937.0 668 933 8.4 12 7.1 48.238.0 666 952 7.8 12 6 49.839.0 671 951 9 12 5.8 48.540.0 514 894 12 14 4.8 52.241.0 444 919 12 15 4.2 6142.0 496 911 9.5 14 1.1 63.143.0 587 903 8.8 13 4.3 63.644.0 592 902 8.6 13 0 57.345.0 593 908 8.6 13 5.4 58.546.0 587 902 8.5 13 5.8 63.347.0 595 908 8.6 13 1.1 57.948.0 595 915 8.5 13 6.5 54.649.0 598 925 8.2 13 4.8 52.150.0 596 921 8.2 13 5.4 58.251.0 601 935 8.5 13 4.1 5152.0 588 919 8.2 13 6.5 49.753.0 588 927 8 13 4.4 58.754.0 575 915 7.9 13 6.3 54.955.0 586 928 7.1 13 4.1 59.456.0 528 903 7.5 14 4.1 56.757.0 563 894 8.1 13 5 58.658.0 576 916 7.3 12 3.6 73.659.0 520 801 8 16 3.4 56.7 Kerosene off60.0 353 656 8.3 18 0 81.761.1 317 640 0 18 0.5 86.662.0 290 616 0 18 1.3 69.763.0 268 602 0.2 19 0 65.364.-0 249 595 11 19 1.9 75.365.1 233 583 9.7 19 0 11166.1 218 582 8.7 20 0 10867.1 209 586 0 20 0 34.168.0 200 580 0
L
21 0 12.3 Stop
Tl= TEMPERATURE OF GASES AT THE BACK END PLATE T2= EXHAUST GASES TEMPERATUREg_£3
E 6 . 2  K e r o s e n e  #2
RUN TEMP . C AIR 02 C02 CO
TIME FLOW REMARKS
(min) Tl T2 m/s % % ppm
1.0 43 410 12 21 0 43.3 Pilot OK.- 90
2.0 483 814 4.7 12 2.6 106 Kerosene in OK
3.0 604 870 7.6 11 4.5 160 Adj flow:
4.0 609 904 12 11 5.5 96.1 steam 2.5
5.0 472 867 1.0 13 4 88.1 kero 8
6.0 493 887 12 13 2.9 61.3 Pressure:
7.0 508 899 13 13 2.2 72.6 steam 30 psig
8.0 519 888 11 13 4 76.9 kero 20 psig
9.0 619 921 7.2 13 5.7 70.7 >
10.0 576 920 12 13 4.7 78.9
11.0 578 925 9.6 13 3.9 67.3 Very bright
12.0 624 927 10 13 3.1. 61.5 orange flame
13.0 653 944 8.6 13 3.4 47.5
14.0 645 932 8.4 13 3.4 40.6 fuel reading
15.0 661 944 11 13 3.2 43.2
16.0 643 963 14 13 2.6 44.2 1 7.9
17.0 641 958 10 12 1.9 51.3 2 8.0
18.0 622 934 9.3 15 0.8 39.5 3 7.9
19.0 598 938 10 13 2.4 41.7 4 7.9
20.0 620 946 8.2 13 1.6 39.2 5 7.9
21.0 634 948 11 13 4.2 44.2 6 7.8
22.0 631 962 11 13 4.8 35.6 7 7.8
23.0 629 953 11 13 1.1 38.7 8 7.8
24.0 624 963 12 13 1.2 39.2 9 7.9
25.0 620 957 12 12 1.2 37.8 10 7.9
26.0 467 908 13 13 0.7 39.5 ---  kg
27.0 446 914 13 14 2.2 33.5 Avg 7.88 —
28.0 434 876 12 13 3.3 37.7 ---  hr
29.0 422 888 13 14 1.4 38.6
30.0 414 889 14 14 1.8 36.4 Flame length ~
31.0 408 918 14 14 0.8 19.2 3/4 comb. len.
32.0 398 921 13 15 1.0 32.8
33.0 441 908 12 15 0.8 36.3
34.0 603 929 10 15 2.1 35.8
35.0 630 930 9.1 13 1.8 35.3 Stop
36.0 407 724 12 19
_____
0 40.7
- » ...
Tl= TEMPERATURE OF GASES AT THE BACK END PLATE 
T 2 -  EXHAUST GASES TEMPERATURE
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K e ro s e n e  c o m b u s t io n  # 1
(a)
CO [ppm]
%  02
%  002
(b)
Fig.ES.l Kerosene combustion trial #1, 5.7 kg/hr:
(a) Plot of temperatures against logging time.
(b) Plot of flue gases analysis against 
logging time
E -1 5
E 6 . 3  K e ro s e n e  #3
t1
RUN I 
TIME ! 
(min)1i..... —i
TEMP
TI
. C 
T2
!
AIR i 
FLOW! 
m/s !i
02
%
C02
%
CO
ppm
REMARKS
i
0 .0  ! 18 17
i
0 ! 21 0 10.2
1.0 ! 93 455 7.1 ! 18 0 85.2 Pilot gas OK
2.0 1 99 463 6.5 ! 18 0 77.9 gas @ 90 !
3.0 i 81 442 7 ! 18 0 72.1
4.0 i 93 473 7.1 ! 18 0.2 83.4
5.0 ! 57 423 6.6 ! 18 1.3 87.8
6.0 ! 402 779 8.5 ! 12 0 93.4 Kerosene in
7.0 ! 481 846 9 ! 12 3.9 63.5 Flow:
8.0 i 497 853 10 i 12 4 67.3 Kero ” 9 kg/hr
9.0 I 539 879 9.1 ! 11 6 71.7 Steam”2.5 "
10.0 1 555 900 10 1 11 4.5 79.7 Pressure
11.0 1 544 913 10 1 12 4.2 87.5 Kero 20 psig
12.0 ! 551 883 8.3 | 12 4.7 60 steam 30 psig
13.0 1 567 904 10 ! 12 5.1 62.1
14.0 i 570 929 10 ! 13 5.6 59 Very bright
15.0 ! 578 918 11 1 12 3.6 56.8 orange flame
16.0 \ 579 919 9.7 i 13 4.3 69.2
17.0 ! 582 922 11 ! 13 5.4 57.8 flame ”3/4 CL
18.0 i 587 936 9.8 ! 12 4.1 61.1
19.0 ! 566 927 8.5 ! 13 4.2 72 Fuel reading:
20.0 i 627 920 11 i 13 4.5 64.4 1 9.0
21.0 ! 589 934 6.9 { 12 4.3 71.1 2 8.9
22.0 1 535 944 9.5 ! 13 3.2 61.9 3 9.0
23.0 I 526 957 12 ! 13 3 65.7 4 9.0
24.0 i 552 959 12 i 13 3.3 60.7 5 9.0
25.0 ! 540 950 11 ! 16 2.1 70.1 6 9.0
26.0 ! 523 961 11 1 13 3.4 60.8 7 8.9
27.0 1 537 959 13 ! 13 4.4 64.1 8 9.0
28.0 i 523 964 15 i 13 2.2 63.1 9 9.0
29.0 I 407 914 12 i 14 3.5 65.4 10 8.9
30.0 i 605 945 9.2 i 13 2.5 71.3
31.0 } 604 939 11 ! 13 3 65.3 Avg 8.97
32.0 ! 595 920 11 1 14 2.6 62.1
33.0 ! 592 923 9.4 ! 14 4.5 65.1
34.0 I 589 927 10 ! 14 4.6 64.1
35.0 j 595 917 9.5 } 14 3.4 71.5
36.0 ! 587 923 9.6 ! 14 2.2 68
37.0 ! 561 900 8.3 i 15 2.2 71.5
38.0 ! 594 891 9.7 ! 14 2.6 68.4
39.0 I 640 927 7.8 1 13 4.6 65.8
40.0 | 650 888 9.3 ! 14 2.9 64.5
41.0 ! 658 916 8.2 i 13 2.8 70.9
42.0 ! 546 773 8.2 ! 18 1.2 63.3
43.0 i 406 706 9.5 ! 19 0 91.8 Stop
44.0 ii______
333 394 15 !i_____ i
21 0 70.6
Tl= TEMPERATURE OF GASES AT THE BACK END PLATE 
T2= EXHAUST GASES TEMPERATURE
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K e ro s e n e  c o m b u s t io n  # 3
Wall
Flue q a s
Running Time, min  
(a)
COCppm]
%Q2
%CG2
Running Time, min 
(b)
Fig.E6.2 Kerosene combustion trial #3, 8.97 kg/hr:
(a) Plot of temperatures against logging time.
(b) Plot of flue gases analysis against 
logging time
E-17
E 6 . 4  K e ro se n e  #4
RUN TEMP
1
. C
-----
AIR 02 C02 COTIME FLOW REMARKS(min) Tl T2 m/s % % ppm
0.0 27 27 90 0 0 90.0 27 27 90 0 0 910.0 136 654 19 15 3 100 Pilot gas OK20.0 148 345 16 18 0 76 read @ 9030.0 266 867 13 13 4 51 Kerosene in40.0 332 935 14 12 5 47 steam 2.5 kg/hr50.0 369 925 15 12 5 43 kero “9 kg/hr60.0 431 974 14 12 5 54 . Pressure, psig70.0 403 955. 14 13 4 52 steam 3080.0 379 738 8 15 3 50 kero 2090.0 398 925 14 12 5 51100.0 379 ' 910 13 12 4 54110.0 417 965 12 11 5 55 Very bright orange flame120.0 418 942 12 11 5 61130.0 354 874 12 12 4 58 Length"3/4 CL.140.0 335 923 13 11 5 62150.0 329 873 13 12 4 63160.0 340 902 12 18 5 21 Fuel reading170.0 331 883 12 19 3 13 kg/hr180.0 314 869 13 11 6 59190.0 272 845 16 13 4 52 1 8.9200.0 275 848 16 13 4 46 2 8.8210.0 264 854 15 12 4 49 3 8.8220.0 252 814 14 12 4 52 4 8.8230.0 285 892 14 11 5 52 5 8.8240.0 314 903 14 11 5 51 6 8.9250.0 312 892 15 10 5 55 7 8.8260.0 265 836 14 12 4 53 8 8.8270.0 256 825 14 12 4 53 9 8.8280.0 257 882 15 12 5 59 10 -8.9290.0 348 934 14 11 5 61300.0 273 770 13 13 3 53 Avg 8.83310.0 488 913 10 11 5 59320.0 407 843 9 13 4 56330.0 431 854 10 13 4 54340.0 481 893 9 12 4 55350.0 495 905 8 12 4 48360.0 465 893 9 13 4 49370.0 439 955 13 11 4 52380.0 316 816 12 13 3 53390.0 269 823 7 13 3 53400.0 305 914 13 13 4 52410.0 342 917 13 12 4 56420.0 339 921 13 12 4 52430.0 343 909 12 12 4 55440.0 353 934 13 12 4 53450.0 334 896 11 12 4 54460.0 317 890 11 12 3 52470.0 306 891 11 13 3 52480.0 316 893 13 12 3 50490.0 325 910 10 12 4 51500.0 307 884 9 13 3 47510.0 342 927 12 12 4 50520.0 374 933 11 12 4 52530.0 382 925 12 12 3 51 Stop
Tl= TEMPERATURE OF GASES AT THE BACK END PLATE T2= EXHAUST GASES TEMPERATURE *
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E 7 . BLACK LIQUOR COMBUSTION TRIAL DATA
BLACK LIQUOR COMBUSTION TRIAL PAGE No. 1
RUN
TIME
(min)
TEMP,
T1
C
T2
02
%
C02
%
CO
vppm
t
i
1 REMARKS
ij .. - . .
I 16 18 21.2 0 1
ii
1 Calibrated
2 16 17 21 0 0 igas analysis unit
3 17 17 21 0 0 {use standard gas:
4 17 17 0 4.8 344 11,pure air
5 16 17 0 5 350 12.mixture contained
6 17 17 0 5 350 ! 5% C02
7 17 18 20.7 0.1 2 1 350 vppm CO
8 93 308 16.4 2.6 20.2 1 Start pilot gas
9 84 259 17.2 3.5 17.6 •t
10 113 465 18 3.6 19.7 IGas reading " 90
11 115 476 17.7 4 16.7 1BL wt. = 87.35 kg.
12 108 480 17.7 3.8 15 1 pilot gas OK
13 114 487 17.7 2.9 15.8 ii
14 112 478 15.2 4.2 24.8
15 104 480 15.1 4.1 15.7 ii
16 110 473 20.3 3.6 2.5
17 108 481 15.4 2.8 18.6 ii
18 108 487 15.2 5.3 19.3 i
19 111 491 15 4.6 65.8 ii
20 110 495 15 4.2 61.4 ii
21 110 501 15 5.1 60 ii
22 111 512 15 3.2 57.8 i
23 117 515 15.1 3.8 55.9 1
24 112 514 15 3.4 53.7 !
25 119 524 15 3.7 53,9 1
26 121 521 15.1 3.2 50.2 i
27 116 525 15.1 3.5 49.8 ii
28 113 526 15.1 3.87 51.2 it29 117 526 15.1 3.4 48.1 ii
30 119 527 15.1 4.1 45.3 i
31 114 525 15.2 4.2 44.3
32 117 527 15.2 4.5 46 ii
33 93 436 14.6 3.7 74 I Atomising steam in
34 106 410 14.5 4 72 i
35 103 480 14.7 5.8 61 1
36 109 486 14.5 3.2 48.2 137 110 488 11.5 4.8 95 [Black liquor in
38 241 526 11.4 4.5 104 ii39 268 583 12.3 5.2 83 ii40 68 200 18.6 1.5 231 1 Flame failure
41 32 147 18.2 1.1 125 ii
42 30 50 19.3 0 20 i
43 30 34 20.4 0 30 i
44 182 474 15.8 3.4 63 !Re-ignition
45
M
196
. .- - ■ ■
489 15.5 3.6 45 ii■i.
E -19
BLACK LIQUOR COMBUSTION TRIAL PAGE N o. 2
RUN
TIME
(min)
TEMP,
TI
C
T2
02
%
C02
%
CO
vppm
jiii
! REMARKSiiii
46 285 421 12.2 5.7 116
ii
i Steam+BL
47. 118 536 11.6 5.4 92 i
48 95 142 18.9 1.3 83 !Flame failure
49 63 72 19.3 1 15
50 134 394 14.8 2.5 82 i Re-ignition
50 273 464 13.5 4.1 62 ii
52 287 495 15.9 3.6 35
53 279 521 15.3 4.5 42 i«
54 264 503 15.7, 3.4 53 ii55 274 462 . 12.5 4.5 152 i Steam+bl
56 259 589 11.6 4.5 96
57 265 591 11.8 4.7 105 ti
58 65 83 18.5 1 94 !Flame failure
59 25 32 20.1 0.3 17 !Stop logging data
60 22 34 21 0 5 I Took the atomising
61 19 31 21 0 2 Igun out for
62 20 31 21 0 1 i cleaning
63 20 30 21 0 0
64 18 29 21 0 0 j found some blockage
65 21 28 21 0 0 1 in nozzles
66 21 27 21 0 0 ii67 20 25 21 0 0 i
68 19 24 21 0 0 ii
69 19 24 21 0 0 iRefitted atomiser
70 19 23 21 0 0 }
71 19 22 21 0 0 ii
72 19 22 16.3 4.6 83 }Re-start the system
73 96 245 17.2 3.3 72 i
74 174 421 15.2 4.3 65 ipilot OK
75 196 423 16.4 4.5 45 ii
76 267 514 16.9 5.2 53
77 214 498 16.2 4.6 73 ii78 278 521 16.7 4.7 62 it
79 227 416 15.2 3.6 83 i steam in
80 276 552 13.6 5.7 142 S BL in
81 313 563 11.5 4.2 126 !Black Liquor Flame
82 302 585 12.3 4.6 87 1 Established
83 296 612 9.2 7.9 94 1
84 285 467 14.7 5.3 61 ! *
85 216 486 15.9 4.7 73 !*=temporary loss
86 347 603 13.7 5.6 125 ! of BL flame
87 312 614 16.5 4.6 54
• 88 231 498 17.9 3.6 85 ! *
89 297 638 13.6 5.3 95 it
90 342 627 11.5 4.6 163 ii
91 314 642 12.3 4.2 85 it
92 275 497 16.2 2.5 92 ! *93 242 413 10.3 5.2 99 i
94 268 574 12.3 4.6 72 ii
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BLACK LIQUOR COMBUSTION TRIAL PAGE N o. 3
RUN
1
TEMP, C 02 C02 CO
iiii
TIME 1 REMARKS
(min) Tl T2 % % vppm t■Ii
95 286 597 11.6 4.8 85
I1I•
96 295 638 12.4 4.4 137 1
97 378 611 12.6 4.6 72 1I
98 268 584 7.3 8.4 96 tI
99 267 449 14.6 3.7 75 I *
100 264 457 15.8 3.2 47 I *
101 234 461 16.3 4.1 35 I *
102 297 649 13.5 4.6 94 1I
103 354 632 12.3 4.4 121 1I
104 386 648 12.7 4.5 154 1
105 354 583 12.3 4.6 75 1I
106 297 493 15.8 4.3 56 i *
107 384 589 12.3 5.2 83 1
108 284 594 14.2 4.8 115 II
109 316 625 12.1 5 78 1
110 311 628 12.8 4.3 72 1I
111 342 615 12.5 4.7 74 11
112 75 263 20.3 1.1 21 !All flames fail
113 213 472 16.6 2.8 72 !re-start pilot
114 256 483 15.5 3.9 49 ii
115 211 426 15.9 3.6 46 !no success in BL
116 215 472 15.3 4 42 i spray
117 222 425 15.6 4.1 41 !
118 218 463 15.1 3.7 45 11
119 226 452 15.6 3.8 42 !BL wt. = 79.25 kg.
120 225 456 15.5 3.1 44 I stop
1
I Average from time
A v g . 300 609 12.4 5.0 101 1 80-110 min and 
I T2 > 550 C
-1
Tl - TEMPERATURE OF GASES AT THE BACK END PLATE 
T2 = EXHAUST GASES TEMPERATURE
u n i v e r s i t y  o f  s u r r e y  l i b r a r y
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